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Dissolved organic matter (DOM) is a ubiquitous component of aquatic and terrestrial systems and 
an important constituent that can influence aquatic health and drinking water quality.  For 
instance, DOM can act as an important nutrient for microbes or react with chlorine during 
treatment of drinking water supplies to form harmful disinfection by-products.  As DOM is 
comprised of thousands of different organic molecules, the degree that DOM reacts with its 
surroundings depends not only on the amount of carbon, but also on its composition.  A changing 
climate can influence DOM concentration and composition in a number of ways, such as by altering 
the residence time within the watershed or changing rates of DOM processing through warming 
temperatures.  Recently, changes to DOM quality and quantity have been observed across surface 
waters in the northern hemisphere, which can complicate future drinking water treatment options.  
Organic-rich areas underlain with permafrost are found across the circumpolar north, leading to 
uncertainty over the effects of permafrost degradation on carbon release and fate, particularly upon 
downstream ecosystems and drinking water resources.  Better prediction as to how DOM will 
respond under a warming climate requires an understanding of the variability in the amount and 
composition of DOM, as well as the drivers of DOM reactivity.  However, the few arctic or sub-
arctic locations with comprehensive DOM datasets can be difficult to compare due to the use of 
various DOM characterization techniques.  Further, data are lacking, or entirely missing, in many 
areas of Canada’s western sub-arctic.  The overall goal of this thesis is to use field and laboratory 
measurements to quantify the heterogeneity encountered in DOM concentration and composition 
from a variety of hydrologic environments in three Canadian sub-arctic and arctic ecoregions, and 
to link this variability to DOM lability. 
Statistical analyses of long-term monitoring of river hydrology and water quality provides a 
quantitative measure to the response of a watershed to a warming climate.  Northern areas are 
quickly responding to a warming climate, yet few long-term monitoring records exist and most 
focus on large rivers draining directly into the Arctic Ocean.  The Government of Northwest 
Territories have been collecting monthly river water quality parameters for the past 30+ years, 
providing a comprehensive dataset to quantify changes occurring to the Northwest Territories (NT) 
and define baseline conditions to help assess future change.  Trend analysis was applied to mean 
annual and monthly air temperature, total precipitation, discharge, concentration, and load for 
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rivers draining the taiga shield (Yellowknife and Cameron Rivers) and taiga plains (Marian River) 
during the past 30 years.  Mean annual air temperatures have significantly increased during the 
past 80 years (3.2 x 10-2 ºC/yr), with significant increased winter monthly average temperatures 
(January to April).  Large inter-annual variability was found in monthly average discharge for the 
Yellowknife and Cameron rivers, yet no significant change was found to the mean annual discharge 
during the past 80 years (the Marian River is ungauged).  Winter flows have also increased over 
time within the Yellowknife River.  Significant increases to mean monthly cation and anion 
concentrations occurred within the Yellowknife and Cameron rivers, but they did not result in 
significant changes to the annual loads.  Baseline conditions can be easily determined for the 
Marian and Cameron rivers due the unchanging hydrologic and geochemical record.  However, the 
Yellowknife River exhibits a uni-directional change in water quality, indicative of enhanced 
subsurface flow pathways even with no significant change to its discharge.  These results indicate 
that annual variability in river discharge is important for determining differences in geochemical 
fluxes with a warming climate.   
DOM composition can be quantified using a wide range of analytical techniques that vary in 
information obtained, cost, and analytical complexity.  The overall objective was to use a readily 
available suite of DOM characterization techniques from surface and subsurface environments to 
determine which simple parameters explain the most variability within our DOM dataset, and use 
these parameters to create a simple, effective way to compare compositional differences in DOM.  
Samples were collected from surface and subsurface waters across northern freshwaters in Canada.  
DOM composition was quantified via absorbance, elemental ratios, and size-exclusion 
chromatography.  Overall, DOM concentrations ranged from 0.5 mg C/L in surface water at high 
arctic sites to 273 mg C/L in NT subsurface environments.  Composition measures that best 
explained DOM variability and were most unrelated in approach were specific absorbance at 255 
nm (SUVA), ratio of dissolved organic carbon to dissolved organic nitrogen (DOC:DON), slope of 
absorbance between 275 to 295 nm (S275-295), and humic substances fraction (HSF).  Application of 
principal component analyses (PCA) quantified these independent measures of composition to 
explain up to 61% of the variability within the first three PCA axes.  These four measures were used 
to create a ‘Composition Wheel’ to facilitate comparison of DOM across samples.  A wide range in 
SUVA, S275-295, DOC:DON, and HSF values were observed across DOM concentrations and spatial 
scales.  Overall, subsurface DOM composition was similar across all locations, defined by high 
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amounts of humics, DOC:DON, and SUVA, and low S275-295, while surface water DOM contained a 
variety of compositions across sites.  Composition Wheels provide a simple way to visualize and 
compare DOM composition and quality, as well as efficiently communicate differences in DOM 
composition to a variety of scientific and interested audiences. 
Microbial degradation is often the most important driver of DOM fate within aquatic systems.  
However, few measures of DOM microbial degradation rates are found among sub-arctic and arctic 
freshwater studies.  The overall objective was to use a 30-day incubation experiment to determine 
how DOM composition influences microbial DOM degradation, and quantify microbial degradation 
rates for various surface and subsurface waters in the taiga shield (Yellowknife, NT), southern arctic 
(Daring Lake, NT), and northern arctic (Lake Hazen Watershed, NU).  Proportion of DOM loss 
ranged from 1 to 27% across all samples with no clear association to initial DOM composition or 
hydrologic site.  First-order degradation rates ranged from 0.4 to 11.2 x10-3 d-1, and were highest 
from DOM in the taiga shield subsurface and a southern arctic pond.  Samples from the northern 
arctic contained the lowest rates and DOM loss, suggesting high arctic DOM may have undergone 
processing prior to the incubation experiment to more southern locations or no processing if the 
inoculum contained no viable microbes.  Metrics of DOM composition responded differently to 
microbial degradation across all samples.  Absorbance based measures (S275-295, and SAC420) have 
poor relationships to the proportion of DOM loss and 1st-order microbial degradation rates, whereas 
molecular size-based groupings were stronger predictors of degradation rate and proportion of 
DOM loss.  Further, SUVA was a sensitive indicator of the microbial-induced change in DOM, and 
not a good predictor of biodegradability.  DOM from all three northern ecoregions contained some 
degree of microbial-labile components that may not be well reflected using most measures of the 
initial DOM composition. Hence, the amount of DOM lost, degradation rate, and the uniqueness in 
the response of DOM at each location indicates a location-specific definition of DOM lability.   
Photolysis is an important degradation pathway for DOM in northern systems due to the prolific 
number of shallow, exposed surface waters characteristic of many arctic landscapes.  However, few 
DOM photodegradation rates have been published from Canadian arctic freshwaters.  The objective 
of this data chapter was to determine how differences in DOM composition influence photo-lability 
and photodegradation rate from arctic and sub-arctic surface and subsurface waters in Canada.  
Degradation rates, calculated from the total DOM loss, were highest in subsurface samples (linear: 2 
to 25 x 10-3 m2/E; 1st-order: 4.1 to 17 x10-4 m2/E).  Degradation rates were used to calculate total 
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DOM loss after 500 E/m2 of photosynthetic active radiation (PAR) across all samples, equivalent to 
18 and 13 days of sunlight in the high arctic and subarctic, respectively.  Southern arctic subsurface 
and creek lost the highest amount of DOM (58 and 38%, respectively) while most other samples lost 
between 13 to 19%.  The lowest proportion of DOM loss was observed from a taiga shield river (4%) 
likely due to pre-exposure among the landscape.  No significant correlations were found between 
initial DOM composition and photolytic degradation rate.  Alternatively, initial measures of SUVA 
and SAC420 predicted the proportion of photolytic DOM loss.  Photolytic-induced changes to DOM 
were similar across all samples: decreased values of SUVA, DOC:DON, and SAC420, and increased 
values of S275-295.  Hence, photolysis uniformly altered DOM regardless of initial composition or 
sample location.  Specific measures of DOM composition, such as SUVA and SAC420, provide 
sensitive indicators of photolytic processes and can be used to estimate the degradation rate and 
proportion of DOM loss. 
Chlorine reacts with DOM to form harmful disinfection by products (DBP), yet the extent DOM 
forms DBP may depend upon the amount and composition of DOM.  The objective of this data 
chapter was to determine how differences in DOM composition from sub-arctic freshwaters 
influences DBP formation.  Samples were collected from Yellowknife, Wekweètì, and Daring Lake, 
NT, and a microbial and photolytic degradation experiment to understand how drivers of DOM fate 
influence DBP formation.  Further, public water quality data records were used to determine the 
prevalence of DOM and DBP across NT water treatment records.  DOM composition was 
characterized using overall concentration, SUVA, S275-295, DOC:DON, and size-exclusion 
chromatography determined fractions of humic substances (HSF).  Concentrations of 
trihalomethanes (THM) and haloacetic acids (HAA) were measured with equivalent chlorine 
residuals 24 hours after chlorine addition.  Public water quality records indicate both DBP and DOM 
were ubiquitous in NT water sources and generally below health guidelines.  DOM composition 
plays an important role for disinfection demand as no strong relationship was found between 
chlorine demand and DOM concentration.  Simple measures of DOM composition, such as SUVA 
and S275-295, resulted in stronger correlations with DBP concentration than overall DOM 
concentration.  In particular, high molecular weight and aromatic humics, representative of 
terrestrial-like DOM sources, formed higher DBP concentrations.  Microbial degradation led to 
higher DBP yields normalized to DOM mass while photolysis had little effect.  We show various 
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compositions of DOM from across the NT lead to different but predictable differences in DBP 
concentration. 
Data and interpretations from all chapters were brought together to form a conceptual diagram 
of DOM evolution in the NT.  Different DOM compositions and changes related to microbial and 
photolytic degradation aided with categorization of different samples along a tri-axis plot of 
compositional end members: terrestrial, photolytic, and autochthonous.  Not all DOM composition 
metrics respond the same way during degradation.  Specific indicators of processes were identified 
from the degradation experiments: SUVA and SAC420 both responded oppositely to microbial and 
photolytic degradation, while S275-295 only increased for photolysis.  Although these processes 
appeared to align with the variation observed among high arctic DOM composition and sources, 
notable differences in high arctic DOM composition demonstrate the need for revision to 
incorporate other high arctic sites to the current DOM conceptual diagram.  The conceptual 
diagram identified zones of ‘labile’ DOM composition, as well as zones of ‘high-risk’ DOM that 
have the potential to form high concentrations of DBP.  The conceptual diagram provides a 
framework to focus and continue developing the impact of various drivers on DOM quantity and 
quality under different climate scenarios. 
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The arctic is an important part of Canadian identity with its three northern territories 
encompassing almost 40% of Canada’s total land area.  Defined as the area north of the Arctic Circle 
(66.5° N), the arctic is an environment of extremes and generally represented by long, cold winters 
and short, cool summers.  Freeze-thaw cycles control many physical and geological processes, while 
moisture is generally stored during the winter as snow and released during the spring freshet1.  
These systems are uniquely defined by the abundance of small ponds and lakes due to the presence 
of permafrost2–4.  Permafrost, defined as the subsurface where the mean annual temperature is 
below 0°C for two years, can range from discontinuous and sporadic in the south to continuous in 
the north5.  The climate and physical features are unique and set these systems apart from anything 
else observed across the globe. 
The Quaternary (~2.6 mya) period represents a time of planetary cooling with alternating glacial 
and interglacial periods.  The northern Canadian physical landscape seen today is a result from 
processes during the deglaciation of ice sheets and glaciers that covered Canada approximately 
13,000 to 6,000 years before present1.  Retreating glaciers scoured and exposed Precambrian bedrock 
across much of the Northwest Territories, leaving behind rolling topography and post-glacial 
deposits6, while sedimentary bedrock was exposed in the high arctic7,8.  Areas in the high arctic are 
defined as a polar desert due to the lack of moisture.  Here, vegetation is sparse and growth is 
limited as plant life adapts to low-nutrient and low solar radiation conditions with a tolerance 
towards desiccation, snow, and frost1.  In contrast, lower arctic areas can contain trees and shrub 
vegetation, especially in areas where the southern-most limits encounter the boreal ecotone9.  
These unique features of the arctic govern much of the distribution and functioning of surface 
water systems found today.  
Climate change occurs globally yet northern systems are the most sensitive to a warming north, 
exhibiting clear and rapid changes due to anthropogenic influences10,11.  Specifically, certain areas 
are undergoing permafrost degradation, shifts in vegetation, increased mean annual air and 
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subsurface temperatures, changes to lake ice thickness and duration, and changes to the timing and 
form of precipitation, all of which can alter hydrologic flow pathways, aquatic health, and 
elemental cycling12–21.  Further, the everyday lives of northern community members are directly 
affected, whether it be changes to safe passageway to hunting areas, continual road maintenance 
from permafrost degradation, increased occurrence and severity of fires, or changes to drinking 
water quality22.  Ultimately, the uncertainty towards the future environmental responses to a 
warming climate greatly influences environmental, social, and economic sectors in the North. 
 
The release of carbon currently frozen and ‘immobilized’ within the subsurface due to permafrost 
degradation will significantly alter the global carbon cycle23.  Permafrost areas are predicted to 
become a net carbon source to the atmosphere by 210024 with current estimates of 1700 Pg of 
carbon currently stored within permafrost across the circumpolar north25,26.  Carbon can be released 
in particulate form, dissolved phase, or as a greenhouse gas (namely carbon dioxide or methane 
from surface waters and vegetation)15,18,27–35.  Attempts have been made to predict the vulnerability 
of stored carbon, such as through use of C:N36.  Shallow ponds and lakes across the arctic landscape 
are know to be biogeochemical hotspots3,37–39 and can determine whether carbon is released to the 
atmosphere or sequestered into the sediments.  Changes to the carbon cycle have been quantified 
through the release of greenhouse gases from either permafrost thaw23,37,40–43 or increased 
terrestrial and aquatic productivity44–46.  Recent work encompassed the lateral transfer of carbon 
across terrestrial-aquatic linkages18,47.  Further, the use of stable and radioactive isotopes have been 
incorporated to better understand the portioning of old, permafrost derived carbon versus recent 
carbon48.  Hence, rapid changes to climate have the potential to greatly influence the global carbon 




Dissolved organic matter (DOM) is a ubiquitous component found among terrestrial and aquatic 
environments.  Although DOM is comprised of thousands of different molecules with varying 
structural and chemical properties, the overall amount can be quantified by the concentration of 
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dissolved organic carbon that passes through an operational filter size (commonly ranges between 
0.2 to 0.7 μm).  Sources of DOM within a system are categorized as being formed in situ (termed 
autochthonous) or transported into the system from the surrounding environment (termed 
allochthonous; Figure 1.1).  Differences in DOM source and processing, whether it be physical, 
chemical, or biological, within the watershed dictates the amount and form of DOM available for 
further reactions49–51. 
Dissolved organic matter plays a number of important roles within the environment.  Within 
aquatic systems, DOM transports carbon between aquatic and terrestrial systems18, regulates pH52, 
absorbs solar radiation53,54, impacts visibility and thermal regimes within surface waters55,56, acts as 
an important energy source for microbes57, and influences redox conditions and biogeochemical 
reactions58.  Drinking water quality is affected by the amount and form of DOM.  There are no 
Federal Canadian water quality guidelines for a maximum acceptable concentration for DOM, but 
provincial governments have set an aesthetic objective value, between 2 to 5 mg C/L, to reduce 
colour, odour, taste, and microbial regrowth within water distribution infrastructure59.  Metals can 
complex with and be transported by DOM60–62 while differences in DOM concentration and 
composition influences mercury bioaccumulation in invertebrates and fish63.  The single-largest 
determinant of water treatment cost is the removal of organics as filtration, coagulation, 
flocculation, or ultra-violet light are required to lower the amount of organic matter within water 
supplies64–66.  Further, during the disinfectant stage of water treatment, DOM can react with 
chlorine to produce various carcinogenic disinfection by-products (DBP; Krasner et al. 2006).  
However, the amount of DBP formed, and its toxicity, depend upon the concentration and 
composition of DOM68.  Hence, both the amount and composition of DOM are important 
parameters that dictate aquatic ecosystem health and drinking water quality. 
 
The reactivity of DOM to the surrounding environment depends upon the amount and specific 
mixture of organic molecules present.  The term ‘DOM quality’ is often used to describe different 
mixtures of DOM, but the term is ambiguous as it can refer to a number of different characteristics 
depending upon the parameter and role under question.  For instance, DOM quality as defined by 
its ability to absorb ultraviolet and visible light could be completely different from DOM quality as 
defined by its ability to complex and mobilize trace metals.  Hence, different roles of DOM within 
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the environment result in different qualities of DOM.  This confusion can be simplified by referring 
to variations in DOM composition, rather than quality, which will be used for this thesis. 
Differences in DOM composition are commonly characterized by the light-absorbing 
components (chromophoric DOM), specifically by quantifying ultraviolet and visible light 
absorption or fluorescence-emission excitation69–73.  However, these techniques only provide 
information on the chromophoric components, and could also include interference from the matrix 
solution (such as iron; Poulin et al. 2014).  Regardless, absorbance and fluorescence metrics provide 
an economic and relatively simple method to characterize DOM.  Other methods include the use of 
molecular groupings75,76, elemental ratios77,78, or specific molecular structures via mass 
spectrometry79,80.  These techniques can be used to quantify differences in DOM composition, each 
with their own advantages and disadvantages.  However, differences in absorbance wavelengths or 
methodology used across published studies make it difficult to holistically compare DOM across 
studies. 
Degradation of DOM is dependent upon its concentration and composition.  Ultimately, the 
persistence of DOM within the environment is controlled by DOM intrinsic properties, such as 
specific molecular groups or characteristics81.  Changes to DOM as a result of processing can be 
quantified using laboratory experiments that determine the amount of DOM loss over time using 
biotic82–85 and abiotic processes (in particular solar radiation86,87). However, differences in 
experiment duration, filter sizes, or addition of nutrients make it difficult to compare the percentage 
of microbial or photolytic labile DOM across sites.  Regardless, these examinations quantify the rate 
of DOM change, indicate how DOM composition is affected, and provide tools to predict the 
responses of DOM under different climate change scenarios.  
 
The responses of DOM to a warming climate have global implications for water quality, carbon 
cycling, and climate feedback systems.  For instance, warmer temperatures could increase the 
export of DOM among major northern river systems draining into the Arctic Ocean88, enhancing 
the transfer of carbon from freshwater terrestrial systems into the marine environment.  Increased 
amounts of DOM, particularly terrestrial-derived DOM, have been observed across the northern 
hemisphere55,89 and resulted in changes to water transparency.  Further, differences in aquatic-
terrestrial linkages could increase the variability in DOM composition found in surface waters as 
 
5 
observed across Finnish thaw ponds90. The darkening of surface water colour in the northern 
hemisphere, a phenomena termed ‘brownification’, results from changes in DOM and iron export 
from the surrounding catchment and can influence thermal regimes, water clarity, and drinking 
water treatment options34,55,91,92.  Hence, the connection between a changing terrestrial 
environment upon surrounding aquatic systems in terms of subsurface processing and hydrologic 
flow paths has important consequences upon water quality.   
Degrading permafrost among organic-rich substrates can contribute very old, low molecular 
weight, low aromatic, and microbially-labile DOM to nearby surface waters32,93–98.  Although 
photolysis accounts for 70 to 95% of DOM processed in shallow Alaskan surface waters99, 
permafrost-derived DOM seems to be unaffected by photolysis100.  Further, DOM change via photo-
oxidation and photochemical transformation is found to be more common than complete 
mineralization of DOM into carbon dioxide99,101.  Differences in the processing and transport of 
DOM can alter subarctic pond bacterial communities 90, influence future drinking water 
treatability66,102, and promote acidification of the East Arctic Shelf103.  The response of the carbon 
cycle to a changing climate will directly influence DOM in northern waters, thus understanding the 
role DOM composition plays in dictating its fate will aid in predicting how DOM affects various 
aquatic ecosystem functions and drinking water quality. 
 
Studies on climate change in the Arctic come from a select few sites that have been extensively 
studied104, likely due to the high costs of arctic field work105.  Many northern-based DOM studies 
are found in Siberia15,28,29,32,46,96,106–108, Alaska82,99,109–116, and Nordic countries90,98,117–120.  In Canada, 
the main sites include the Yukon River Basin30,121–126, Mackenzie Delta127–132, and select high arctic 
sites (Bylot Island101,133 and Cape Bounty134–138, Nunavut).  However, few data are found from large 
areas of Canada’s arctic and sub-arctic that describe ice-poor, subarctic shield sites139,140, let alone 
published rates of DOM degradation via biotic or photolytic pathways.  There is a need in the 
scientific community to pursue how process-based knowledge of the landscape can be used to 
understand controls of DOM fate that help to link climate-driven changes with the impact on DOM 
composition141.  Although much information can be found over freshwater northern carbon cycling 




The overall goal of this Ph.D thesis is to determine how DOM amount and composition differs 
between different arctic and sub-arctic environments, and understand how these differences in 
DOM composition affect aquatic ecosystem health, drinking water quality, and the ultimate 
environmental fate of DOM.  This goal will be accomplished by combining field data with 
laboratory experiments to answer three specific objectives: 1) how does DOM composition vary? 2) 
how does DOM composition influence microbial and photolytic degradation rates? and 3) how does 
DOM composition relate to drinking water quality and aquatic ecosystem health (Figure 1.2). 
This thesis is organized into five data chapters, followed by one chapter that synthesizes the 
results into a conceptual model of DOM composition in the environment and tests that model on 
DOM from the high arctic, and a final chapter that summarizes the key original findings in this 
thesis.  In the first data chapter, long-term river water quality data records will be used to 
determine how rivers near Yellowknife, Northwest Territories (NT), have changed during the past 
30 years, and whether baseline conditions can be defined (Chapter 2).  A suite of simple DOM 
characterization methods from samples spanning a large range of Canadian ecoregions (from 
Southern Ontario to the NT) will be used to determine which measures of DOM composition best 
represent differences in DOM (Chapter 3).  These select compositional measures will be used to 
determine how DOM composition influences microbial (Chapter 4) and photolytic (Chapter 5) 
degradation.  The influence of DOM composition on drinking water quality will be assessed by 
comparing differences in DOM with the formation of disinfection by-products (Chapter 6).  Finally, 
results from the previous chapters will be combined to form a conceptual diagram of DOM 
evolution in the NT (Chapter 7), which will be used to compare with changes to DOM along well-





Figure 1.1: A general schematic to illustrate the definitions for dissolved organic matter (DOM) source as it is 
converted between inorganic carbon dioxide (CO2) to DOM and transferred across systems. 
 
 
Figure 1.2: Simplified outline of this thesis, combining long-term environmental records in the Northwest 
Territories (NT; left side) with field and laboratory analyses of dissolved organic matter (DOM; right side). 
These two aspects are combined to create a synthesis of DOM evolution, which will also be compared to 




Long-term monitoring of river water quality provides hydrologic and geochemical insight of the 
surrounding watershed. Statistical analyses of discharge and chemical fluxes can identify 
environmental responses to climate or anthropogenic drivers142,143.  Significant changes in nutrient 
exports have been linked to combinations of anthropogenic and climate influences144,145.  For 
instance, increased summer temperatures and changes to land management in the United Kingdom 
led to the enhanced release of dissolved organic carbon (DOC) from upland peat catchments146.  
Determining drivers of change within watersheds, and how different watersheds respond to such 
changes, can be addressed by the analysis of long-term monitoring records of water quantity and 
quality. 
The Northwest Territories (NT) is an area of Canada that is most sensitive to a warming climate. 
Air temperatures in the arctic have increased in recent decades, concurrent with decreases to 
annual snow depth13,147.  A shift in precipitation from snow to rain has been observed in the sub-
arctic and is expected to continue with a changing climate17,148, ultimately affecting the seasonal 
hydrological balance of many northern systems.  Understanding how arctic and sub-arctic 
ecosystems respond to a warming climate on a watershed scale is difficult due to high costs 
associated with routine field work and a lack of technical infrastructure.  In terms of natural 
resource extraction in the NT, degrading permafrost allows for new subsurface connections to 
nearby surface waters that can complicate industrial waste disposal107.  Drinking water 
sustainability can also be altered as many NT communities solely rely on rivers as sources of 
drinking water, which are already affected by high turbidity, colour, and particulate trace metals149.  
Understanding how arctic rivers respond to a warming climate is important for predicting effects 
on future aquatic and community health. 
Northern systems are already responding to a changing climate. Discharge in Eurasian rivers has 
significantly increased and contributed the highest combined average discharge of all circumpolar 
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rivers to the Arctic Ocean between 1964 to 2000150.  Annual discharge from 42 northern Canadian 
rivers has increased by 18% between 1989 and 2013 and at a rate greater than that of northern 
Eurasian rivers151.  Increasing temperatures and changes to precipitation are the main drivers of 
change to river discharge151.  Further, increased flows within the Mackenzie River Basin have been 
correlated with long-term atmospheric processes, such as the Pacific Decadal Oscillation152, 
signifying a response of these watersheds to climatic drivers at longer time scales. 
Permafrost thaw can influence watershed processes and nutrient export.  Permafrost degradation 
is linked with increased winter base flow due to enhanced subsurface water capacity14.  However, 
recent studies find enhanced late fall storage, rather than increased groundwater contribution, may 
be responsible for increased winter base flow within sub-arctic creeks153.  Increasing active-layer 
thicknesses, thermokarst processes, and degrading permafrost can enhance weathering and 
mobilization of previously-frozen solutes and nutrients within permafrost, including carbon, 
inorganic nitrogen, and phosphorus116,122,132,154,155.  Further, mineralization incubation experiments 
on thawing Swedish peatlands found significant releases of nitrogen with warming temperatures156. 
Such changes have the potential to alter in-river and downstream productivity of many arctic 
systems157.  Concentrations of major ions are predicted to increase with permafrost degradation as 
flow paths become less confined to upper, organic rich layers and move into deeper, mineral-rich 
subsurface material158–160. The Arctic may change from a surface to subsurface dominated system161, 
affecting geochemistry of waters that eventually discharge to surface water systems. 
Of further concern are the large stores of carbon found within permafrost162.  However, there is 
uncertainty in how degrading permafrost influences DOC concentrations in arctic rivers.  Some 
studies expect DOC to decrease with permafrost degradation due the exposure of mineral soils and 
increased adsorption158,160 or from increased subsurface transit times and microbial 
mineralization163.  Further, increased subsurface contributions resulting from permafrost thaw in 
the Yukon and Alaska decreased DOC export, as well as altered DOC quality121,123.  Alternatively, 
DOC loading has increased with time in circumpolar rivers draining into the Arctic Ocean due to 
climate change164.  Large amounts of carbon within permafrost may be released with permafrost 
thaw, as observed in Siberia15,28,29.  Within the Mackenzie watershed, NT, thawing permafrost has 
led to increased DOC export over time132, while monthly summer DOC fluxes have increased in the 
Yukon River Basin122. There is much uncertainty over the response of permafrost to a warming 
climate and the role that DOC plays. 
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Many studies have focused on the export of nutrients from large rivers into the Arctic Ocean, 
generally in areas draining an ice-rich subsurface where slumping and thermokarst processes may 
be responsible for increased nutrients within rivers.  The overall objective of this study is to provide 
a better understanding of how three rivers near Yellowknife, NT, are responding geochemically and 
hydrologically to a changing climate, as well as determine local baseline conditions and natural 
variability.  This will be accomplished with two specific objectives: 1) determine if there are 
significant changes to hydrologic discharge, solute concentrations, and geochemical fluxes over 
time in three rivers near Yellowknife, NT, and 2) quantify changes to local climate and whether 
these changes are reflected in the geochemical record in these rivers. 
 
The Yellowknife, Cameron, and Marian Rivers all drain into the northern end of Great Slave Lake, 
NT (Figure 2.1).  These rivers were chosen for this study as they have long-term records of water 
quality and discharge that represent two prominent ecozones in the NT.  In addition, the 
Yellowknife and Cameron rivers drain a similar ecozone but differ in watershed area, providing a 
scale-component to this study.  The Yellowknife and Cameron rivers drain the Taiga Shield ecozone 
(basin area: 19,353 km2 and 3,630 km2, respectively), while the Marian River flows between the 
Taiga Shield and Taiga Plains ecozones (basin area: 23,608 km2).  The Taiga Shield is underlain with 
Precambrian bedrock, till deposits, eskers, and peat plateaux165 while the Taiga Plains is comprised 
of extensive peatlands and till plains166.  Both are below the treeline.  In the NT, permafrost extent 
ranges from sporadic and discontinuous in the south, to continuous in the north5,167.  Extensive 
discontinuous permafrost is found around Yellowknife in areas with forested systems, whereas 
increased bedrock exposure results in sporadic discontinuous areas168.  Hydrologic flow in the Taiga 
Shield follows a subarctic nival flow regime, characterized by highest flows during spring due to 
snowmelt, followed by a gradual decline to baseflow during the winter169.  The area around 
Yellowknife is hydrologically characterized by a series of lakes connected by wetlands and streams, 





Historical daily climate data were retrieved online from Environment Canada 
(http://www.climate.weather.gc.ca).  Mean daily temperature (°C) and total daily precipitation (mm) 
were taken from the Yellowknife Airport Station #1706 (from 1942 to 2013) and Station #51058 
(from 2013 to 2016).  Daily data were aggregated into monthly and yearly averages.  Hydrological 
data were taken from the WaterOffice Government of Canada (http://wateroffice.ec.gc.ca), for the 
Yellowknife and Cameron rivers.  Currently, there is no gauging of the Marian River. 
Water samples were collected once a month between 1985 and 2013 by the Northwest Territories 
Water Resources Division, Environment Natural Resources, Government of Northwest Territories. 
Depending on season, water was collected from shore in open water, or from an auger hole in the 
middle of the river during winter.  Collection from the Marian River began in September 1997.  In-
field parameters include pH and specific conductivity.  The sample was kept in a cooler until same-
day filtering was completed at the Taiga Environmental Laboratory, Yellowknife, NT.  Field and 
travel blanks were included. 
All samples were run by the Taiga Environmental Laboratory where data were quality-checked 
as received.  Samples were run for cations (potassium, K+; sodium, Na+; calcium, Ca2+; magnesium, 
Mg2+), anions (chloride, Cl-; sulphate, SO42-; alkalinity), nutrients (ammonia, NH3; nitrate plus 
nitrite, NO3-+NO2-; total phosphorus, TP; DOC), and other parameters (total dissolved solids, TDS). 
It is estimated that quality assurance/quality control samples accounted for ~20% of all samples 
submitted (Robin Staples, GNWT; pers. comm.).  Any field or travel blank parameter that measured 
above detection limits were flagged, reviewed, and re-analyzed with samples from the same batch. 
Values under analytical detection limits were kept in the dataset at the concentration of the 
detection limit (Appendix A).  Any parameters that measured replicates greater than 15% of each 
other were flagged and reviewed.  Re-run values replaced original values.  Finally, outliers were 
flagged if any of the above occurred, or if the value was outside of 1.5x the interquartile ranges. 
Professional judgement was used to remove outliers if numerous validation tests had failed, or 





Mean annual fluxes for cations, anions, nutrients, and TDS were calculated for the Yellowknife and 
Cameron Rivers by combining geochemical and hydrological datasets.  Fluxes could not be 
calculated for the Marian River as hydrological data for this river does not exist.  All monthly and 
annual fluxes were calculated using LOADEST 171 via LoadRunner172.  Briefly, LOADEST runs a 
number of predefined models to find the best fit for flow and concentration data, then uses that 
model to calculate the load171.  To minimize the influence of the linear time functions within 
LOADEST, monthly concentration data and monthly-averaged discharge data were run using a 
series of 5-year increments as done by other time-trend analysis of northern rivers122,132. 
 
Significance of annual and seasonal trends were calculated using the non-parametric Mann-Kendall 
test for temperature and precipitation averages, seasonal averages in concentration, annual 
geochemical flux, and hydrologic discharge.  Annual concentration data were averaged by season 
and compared over time.  Data were first ‘pre-whitened’ to remove autocorrelation based on the 
serial correlation within a time series using the R package ‘zyp’, then statistically analyzed for 
significance173.  Monthly and annual z-scores were also calculated for temperature and precipitation 
data (Appendix A). 
 
 
Mean annual air temperatures near Yellowknife significantly increased during the past 80 years 
(Sen’s slope: 3.2 x 10-2 ºC/yr, p<0.05; Figure 2.2a), while total annual precipitation increased but not 
significantly (Figure 2.2b).  Monthly average temperatures significantly warmed over the years in 
the months of January to April, June, and July (Figure 2.3a).  Most significant increases were found 
during winter months (December to April; Sen’s slope: 5.0 x 10-2 ºC/yr, p<0.05), June (3.5 x 10-2 
ºC/yr, p<0.05), and July (2.6 x 10-2 ºC/yr, p<0.05).  The largest range in average monthly 
temperatures per month were found during winter (November to May), while summers (June to 
October) exhibited a narrow range in temperatures across years.  Total monthly precipitation was 
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consistent across most months, except for increased values in January (Figure 2.3b).  Most 
precipitation fell from July to September, with lower values from October to June. 
 
The Cameron River has a lower discharge than the Yellowknife River (Figure 2.4) but contains 
similar yields when normalized for watershed area (Appendix A).  Large variability in the average 
monthly discharge between May and August is observed over the three decades, with a greater 
variability (up to ~5x) in the Cameron River than the Yellowknife River.  Average monthly 
discharge for the Cameron River did not significantly change over the three decades other than a 
decrease in August (Figure 2.4a).  The Yellowknife River increased in average monthly discharge 
over time for the months of January to May (Figure 2.4b).  No significant change to mean annual 
discharge was found for either the Yellowknife or Cameron River (Figure 2.5).  Distinct seasonal 
patterns were identified in daily discharge data, illustrated by the timing of peak and low flow 
periods. Lowest flows from the Yellowknife and Cameron Rivers occurred during winter months 
(December to April), followed by a rise in the annual hydrograph during spring melt (termed 
‘freshet’; May to June), peak flow during the summer (July to August), and a gradual decline in 
discharge during the fall (September to November; Figure 2.6). 
 
 
The Cameron, Yellowknife, and Marian rivers contained similar concentrations of K+ and Na+ 
Figure 2.7a).  The Marian River had higher concentrations of Ca2+ and Mg2+ than either the 
Cameron or Yellowknife rivers.  Lowest concentrations of K+ and Na+ in the Yellowknife and 
Cameron rivers occurred around 1995, followed by an increasing trend annually across all seasons. 
In the Yellowknife River, significant increases in Ca2+ and Mg2+ concentrations occurred across all 
seasons, but only in spring for K+ and both spring and summer for Na+ (Table 2.1; Figure 2.7a).  All 
cation concentrations significantly increased across all seasons within the Cameron River.  A 
significant decrease in K+ occurred in the Marian River during spring. 
 
On average, Cameron River Cl- concentrations were higher than either the Yellowknife or Marian 
rivers.  The Cameron and Yellowknife rivers contained similar SO42- concentrations, while 
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alkalinity was higher in the Cameron than the Yellowknife River.  The Marian River had higher 
concentrations of both SO42- and alkalinity compared to all other rivers in the study (Figure 2.7b).  
Anion concentrations in the Yellowknife River increased significantly during the spring and 
summer.  Alkalinity increased significantly across years in all seasons in both the Yellowknife and 
Cameron rivers (Figure 2.7b).  Chloride concentrations in the Cameron River increased significantly 
across years for each season, while SO42- increased significantly during the fall and winter.  Spring 
Cl- concentrations in the Marian River decreased significantly in spring, while SO42- significantly 
decreased in fall.  Alkalinity increased significantly during summer. 
 
All three rivers had similar nutrient concentrations (Figure 2.7c).  Overall, average inorganic 
nitrogen species were slightly higher in the Marian River than either the Cameron or Yellowknife 
rivers.  Lowest DOC concentrations were found in the Yellowknife River compared to either the 
Cameron or Marian river.  Concentrations of TP in the Yellowknife and Cameron rivers were lower 
than in the Marian River. 
All rivers exhibited seasonality in NO3-+NO2- and TP concentrations, with high concentrations in 
the fall and winter, and lower concentrations during the spring and summer.  Concentrations of 
NH3 decreased across all rivers and seasons with time.  However, summer NH3 concentrations in 
the Marian River increased between 2005 and 2010 (Figure 2.7c). Concentrations of NO3-+NO2-
increased across all seasons in the last ten years among all three rivers.  Concentrations of NO3-
+NO2- significantly increased during the fall within the Cameron River, and significantly increased 
during winter and fall in the Marian River.  DOC concentration increased across all seasons within 
the Yellowknife and Marian rivers, while the Cameron River exhibited no change in concentration 
with time.  Total phosphorus concentrations within the Yellowknife River significantly increased in 
spring, while winter TP concentrations significantly declined in the Marian River. 
 
Concentrations of TDS were highest in the Marian River, followed by the Cameron River and 
Yellowknife River (Figure 2.7d).  Specific conductivity was highest in the Marian River, followed by 
the Cameron and Yellowknife river.  
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Concentrations of TDS significantly increased during the spring in the Yellowknife River and 
during the fall in the Cameron River (Figure 2.7d).  Measurements of specific conductivity 
significantly increased across all seasons for both the Yellowknife and Cameron rivers.  All rivers 
were neutral to slightly basic.  Significant increases to pH were only observed during summer in 
the Marian River, and in all seasons but winter in the Cameron River. 
 
The Yellowknife River had higher cation and anion loads than the Cameron River (Table 2.2).  Both 
rivers exported higher loads of Ca2+ than the other cations.  Although cation loads in the 
Yellowknife River increased between 1985 and 2013, annual cation and anion loads from the 
Cameron and Yellowknife rivers did not significantly change over the time period (Figure 2.8a). 
 
Inorganic nitrogen loads were an order of magnitude higher in the Yellowknife River than the 
Cameron River (Table 2.2; Figure 2.8c).  The Yellowknife River exported higher DOC and TP loads 
than the Cameron River.  NH3 loads did not change over time in the Cameron River, but 
significantly decreased in the Yellowknife River (Figure 2.8c).  NO3-+NO2- loads in both rivers show 
no change over time.  DOC loads increased over time in the Yellowknife River, but significantly 
decreased in the Cameron River.  TP load in the Yellowknife River have increased with time, but 
exhibited a decreasing trend since 2005.  TP load within the Cameron River gradually decreased 
over time. 
Higher TDS loads are found in the Yellowknife River than the Cameron River (Table 2.2; Figure 
2.8d).  Annual loads of TDS within the Yellowknife and Cameron rivers increased over time (Figure 
2.8d).  However, from 2000 onward, annual loads of TDS decreased in the Cameron River. 
 
 
Climate can be an important driver of change to arctic rivers, influencing watershed processes and 
flow pathways151,152,174.  For instance, warming air temperatures in Sweden led to increased active-
layer thicknesses and permafrost degradation175,176.  Warming temperatures in Yellowknife could 
influence subsurface contribution to surface water quantity and quality, especially in areas where 
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discontinuous permafrost continues to degrade.  Permafrost degradation has already been found to 
occur in the area168, potentially influencing flow pathways; however, insulating peat layers, 
commonly found around Yellowknife, can limit effects of increased air temperatures upon 
subsurface processes168,177.  Annual discharge has not changed in the Yellowknife or Cameron rivers 
(Figure 2.5), suggesting no clear response between permafrost degradation and discharge in these 
systems.  This may be in part due to the lack of significant increase to total precipitation in the area 
(Figure 2.3b), potentially coupled with estimated increased evapotranspiration rates across the 
circumpolar north164,178.  Rivers in this study drain smaller watersheds and may not be as responsive 
to a warming climate compared to the previously-studied, larger systems132,150,151.  Further, the 
presence of large lakes can attenuate streamflow to reflect a prolacustrine regime148, which could 
minimize or dampen the effects of hydrologic changes associated with permafrost degradation. 
Although temperatures are warming in the area, there appears to be no significant change to the 
amount of water draining these systems over the time record. 
Changes to temperature and precipitation around Yellowknife during the past seven decades did 
not occur uniformly over the yearly cycle (Figure 2.2).  Increased winter temperatures and increased 
precipitation around the late summer and fall are similar to studies predicting a seasonal regime 
shift in the area148,153.  This shift can enhance winter streamflow by increasing late-season 
hydrologic storage by soils and lakes, and is observed in the significant increase in average monthly 
winter discharge within the Yellowknife River (Figure 2.4b).  Annual discharge of the Cameron 
River showed no significant change during the past seven decades and contradicts previous findings 
of significant increases to both winter base flow and mean annual flow14.  These increases were 
linked to enhanced permafrost degradation in the watershed that resulted in increased subsurface 
capacity during winter.  The discrepancy between trends in this study and the work of St. Jacques 
and Sauchyn14 lies in the time periods being considered, as the previous dataset ended in 2007 
during an upward trend in discharge.  More recent measurements of discharge (2008 to 2014) show 
an annual decline.  Results from this study provide evidence of enhanced base flow during winter 
months within the Yellowknife River, but also highlight the importance of long-term monitoring to 




Geochemical differences between rivers can be attributed to underlying geology and watershed 
characteristics.  The Yellowknife and Cameron rivers drain the Taiga Shield, which consist of 
shallow glacial tills and Precambrian bedrock 165,179, while the Marian River flows between the 
Taiga Shield and Taiga Plains.  The Taiga Plains are comprised of deeper glacial tills and calcareous 
soils166 and are relatively easier to erode than the Precambrian igneous bedrock, resulting in higher 
concentrations of dissolved Ca2+, Mg2+, SO42-, alkalinity, and TDS in the Marian River.  Similarity 
among trends in cation and anion concentrations between the Yellowknife and Cameron rivers, 
compared to the Marian River, reflect the role watershed characteristics have upon water quality. 
With no change to annual discharge in the Yellowknife River, positive Sen-Thiel slopes in loads, 
although not statistically significant, for most constituents indicate increased export of solutes from 
the watershed.  Increases to solute fluxes were observed in the Yukon River Basin and Mackenzie 
River and linked with increased active-layer thicknesses and enhanced weathering122,132.  Similar 
patterns are seen in the Yellowknife River; however, not at the significance found in these larger 
systems.  Watersheds underlain with ice-rich permafrost are susceptible to thermokarst processes 
that can release large amounts of particulate and dissolved materials to surface waters154,180,181, 
which may result in a more pronounced response than in rivers draining ice-poor areas.  
Regardless, results of increased solute fluxes are similar to other studies that have identified the 
influence of permafrost degradation on river geochemistry161,182. 
Increased active-layer thicknesses and permafrost degradation can result in two water quality 
scenarios: 1) flow pathways deepen into mineral layers and enhance the export of inorganic solutes 
while decreasing DOC concentrations183, or 2) organic-rich layers become unfrozen and increase 
the release of organic carbon and nutrients184.  Although data in this study cannot identify a 
singular factor like permafrost degradation, increasing trends in solute concentrations and 
increasing NO3-+NO2- loads are evidence of changing water quality.  The lack of change in DOC 
concentration concurrent with increases to inorganic solutes corroborates the idea that flow 
pathways are deepening into mineral-rich layers. Further, as there are no significant increases to 
total precipitation, changes in concentrations and fluxes would be more representative of 
subsurface flow pathways responding to warming air temperatures on the Taiga Shield. 
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Changing flow pathways in the sub-arctic can alter seasonal water chemistry.  Increased winter 
baseflow and solute concentration within the Yellowknife River could result from enhanced soil and 
lake storage before freeze-up.  This has been found to be responsible for fueling increased winter 
streamflow and solute, nutrient, and DOC export in the area140,153.  Buildup of inorganic nitrogen 
during the winter within subarctic lakes may provide a source for increased annual nitrate and 
nitrite fluxes while annual discharge remains static.  Further, recent (>2010) increases to NO2-+NO3- 
concentrations during the fall and winter, concurrent with stable TP concentrations and decreased 
TP loads (Figure 2.7c, Figure 2.8c) suggest there is no increase in river productivity to take up extra 
nitrogen.  The fall and winter represent seasons of decreased productivity due to colder 
temperatures and less light, thus enhanced contributions of inorganic nitrogen may accumulate.  
Nutrient limitation and changes to food webs can result from permafrost-thaw induced changes to 
nutrients and DOC within Alaskan thaw lakes182.  These rivers exhibit similar changes and indicate 
that they may not be able to compensate for higher nutrients, especially as TP loads, an important 
nutrient that can limit microbial activity, have decreased since 2005 (Figure 2.8c).  Hence, 
productivity within these rivers may not be able to reduce future increases to inorganic-nitrogen. 
Sporadic and sudden environmental events can impact water quality.  Wildfires occurring in the 
boreal forest, especially the NT, have increased in severity and occurrence185,186.  Wildfires result in 
increased exports of nutrients and major ions from a boreal and mixed-conifer watershed187,188 and 
can decrease DOC loading among arctic rivers164.  Large fires have occurred in the Yellowknife and 
Cameron watersheds in 1998 and 2014, while the Marian River watershed experienced fires in 2008 
and 2014189.  Although the scope of this paper was not to identify wildfire effects upon water 
quality, long-term datasets may reflect these effects via higher summer concentrations of inorganic 
nitrogen and DOC after wildfires (Figure 2.7). 
 
In terms of the global carbon cycle, much uncertainty surrounds the response of carbon stocks as 
northern watersheds begin to warm and expose previously-frozen carbon within permafrost. In 
watersheds underlain by carbon-rich permafrost, DOC export during spring contained higher 
contributions of recently-fixed carbon, whereas late summer to winter flows contained a greater 
amount of old carbon derived from a deepened active-layer and permafrost degradation30,96,125,190. 
DOC concentrations found in this study are comparable to DOC concentrations in other 
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permafrost-affected streams191 but no significant change in concentration is found in any river over 
time (Figure 2.7c). Increased concentrations and fluxes of major cations and anions suggest that if 
permafrost degradation in the area is leading to enhanced subsurface flow, these flow pathways 
may be travelling through inorganic, till layers, rather than mobilizing permafrost-derived DOC. 
High DOC concentrations in streams and rivers have been correlated to a higher percentage of 
wetlands or peatlands in a watershed192,193.  However, the presence of permafrost in the northern 
half of West Siberia reduced the export of high DOC concentrations from high-organic 
environments28.  Further, it was determined that a mean annual air temperature above -2°C 
represents a threshold where higher DOC concentrations are exported from peat-derived 
watersheds.  Within the NT, mean air temperatures exceeded this threshold in 1998, and have been 
close-to or surpassed this limit during the past decade (Figure 2.2a).  A large area of the NT contains 
organic-rich permafrost194 that may export higher DOC loads as temperatures continue to meet or 
exceed this threshold.  Further, climate driven changes to hydrologic flow pathways have the 
potential to connect previously-isolated bogs174, further enhancing the susceptibility of high-
organic areas around Yellowknife to increase DOC export.  Hence, the increasing trend in mean 
annual air temperatures around Yellowknife signifies the potential for increasing DOC loads from 
these areas. 
 
Long-term records of water quality and discharge can be used to define ‘baseline’ conditions for the 
area.  Baseline conditions of river concentrations and export for the whole NT cannot be completely 
defined using only three rivers presented here; however, relative changes in water quality over time 
provide an opportunity to assess how local and similar sub-arctic rivers may respond.  Although 
not significant, the steady increase to the load of major cations, anions, and all nutrients (except 
NH3) within the Yellowknife River suggests that annual baseline conditions may be beginning to 
change. Importantly, increasing winter temperatures and increasing average winter discharge result 
in a dynamic baseline for the Yellowknife River.  Based on concentration data for the Marian River, 
increases to alkalinity, and more recently nutrients, suggest enhanced weathering in the watershed, 
similar to other Mackenzie Basin systems132,195.  The baseline for the Cameron River is more easily 
defined due to relatively unchanging annual discharge and solute fluxes.  Analyses of these three 
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rivers shows the importance of year-long monitoring to compare how different rivers in ice-poor 
systems respond to a warming climate. 
 
Long-term meteorological and water quality records of three rivers around Yellowknife indicate a 
geochemical response to a warming climate.  Temperatures have significantly increased during the 
past 80 years, while average annual discharge for the Yellowknife and Cameron rivers show no 
significant change.  Instead, the magnitude of solute and nutrient export into Great Slave Lake are 
determined by variations in the monthly average discharge, more-so than the uni-directional 
change over time.  Hence, changes to discharge will dictate the load of dissolved constituents into 
Great Slave Lake rather than slight changes to concentration.  Combined results of increasing solute 
concentrations, increasing cation fluxes, and stable DOC concentrations suggest an increasing 
contribution from mineral-rich subsurface flow pathways, altering water quality over time.  Results 
show how increased inorganic nitrogen export during the winter, previously observed within 
smaller catchments153, can be observed in larger systems.  However, the lack of increasing river 
productivity may result in the continual increase in nutrients.  Geochemical and hydrological 
analyses of the Yellowknife, Cameron, and Marian rivers find the importance of annual variability 
and enhanced subsurface flow pathways play an important part dictating water quality in the NT. 
Defining baseline conditions in these rivers allows for a determination of impacts upon water 
quality and quantity resulting from future resource development or a warming climate.  Static 
baseline conditions are difficult to define in the Yellowknife River due to increasing cation 
concentrations and increasing winter discharge.  Cameron and Marian River geochemical and 
hydrological baselines were more simple to define due to the relatively unchanging annual 
discharge and geochemical flux within the Cameron River, and lack of geochemical trends in the 
Marian River. 
Northern rivers will continue to change given future climate scenarios of increased temperatures 
and changes to precipitation regimes196,197.  Future work could focus on specific years that reflect 
future conditions (i.e. dry summers or wet falls) to understand the geochemical response within 
these three rivers.  Further, discharge-solute relationships (Appendix A) could be further explored 
to create discharge-solute relationships to predict exports of certain constituents into Great Slave 
Lake.  In terms of environmental consequences to a changing climate, subsurface warming could 
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result in increased risk of contaminating freshwater sources from anthropogenic activities as 
municipal and industrial waste can be mobilized into sources via permafrost degradation107,198. 
Enhanced export of nutrients due to permafrost thaw could have similar results to thaw-induced 
slumping in small lakes, such as increasing biological productivity127.  Increased temperatures may 
also enhance peatland carbon decomposition, enhancing the export of DOC and nutrients into 
Great Slave Lake.  The rate and magnitude of these processes are still uncertain; however, changes 
to water quality observed in these three rivers over the past three decades suggest a variable but 




Table 2.1: Summary of the Mann-Kendall statistical analyses on concentrations of various water quality 
parameters over time for different seasons in the Yellowknife (YK), Cameron (CAM), and Marian (MAR) 
rivers. Shapes represent the river, size of symbol represents the significance, and colour represents the 
direction of the trend. 
 
 
Table 2.2: Average annual loads for various chemical parameters for the Yellowknife and Cameron rivers, 
Northwest Territories, Canada. Included are 1-standard deviation (σ) and total number of values (n). 
Alkalinity is measured as total concentration as CaCO3. 
  Yellowknife Cameron 
Parameter Avg (Gg/yr) σ (Gg/yr) n Avg (Gg/yr) σ (Gg/yr) n 
K+ 1.2 0.5 27 0.2 0.1 29 
Na+ 2.2 1.1 27 0.5 0.2 29 
Ca2+ 6.6 3.0 27 1.8 0.9 29 
Mg2+ 2.4 1.1 27 0.5 0.3 29 
Cl- 2.2 0.9 27 0.5 0.3 29 
SO42- 4.2 1.7 27 0.9 0.5 29 
Alkalinity 23 10 26 5.7 2.8 29 
N-NH3 1.6E-02 1.1E-02 24 2.0E-03 9.2E-04 22 
N-NO3-+NO2- 4.5E-02 1.9E-02 24 5.2E-03 3.2E-03 19 
TP 1.5E-02 9.1E-03 24 2.7E-03 2.3E-03 19 
DOC 6.5 2.8 27 1.6 0.7 19 





Figure 2.1: Sampling locations for the three rivers and their geographical location. Different ecozones are 
shaded (green: Taiga Plains; orange: Taiga Shield). 
 
 
Figure 2.2: Average annual air temperature (A) and total annual precipitation (B) for the city of Yellowknife, 
NT. Included are linear regressions through the entire time period, as well as the beginning of water sampling 
(blue vertical line). Significance in the trend is determined using a Mann-Kendall test. 
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Figure 2.3: Average monthly temperature (A) and total monthly precipitation (B) per year for the city of Yellowknife, NT. Lines represent significant 
monotonic changes (Mann-Kendall) over the time period. 
 
Figure 2.4: Average monthly discharge for the Cameron (A) and Yellowknife (B) rivers over time. Lines represent significant monotonic changes (Mann-
Kendall) over the time period. 
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Figure 2.5: Average annual discharge for the Cameron (top panel) and Yellowknife (bottom panel) rivers. 
 
 
Figure 2.6: Daily average discharge for the Cameron (A) and Yellowknife (B) rivers. Light grey points indicate 
individual data points for different years, while solid coloured lines represent averages on each day. Included 
are divisions for each season based on the hydrograph. 
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Figure 2.7: Season-averaged concentration for cations (A), anions (B), nutrients (C), and other parameters (D) for the Yellowknife (red square), Cameron 
(purple circle), and Marian (green triangle) rivers over time. Each data point is an average for the months included in that season for that year. Lines represent 
significant trends over the time period (Mann Kendall).
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Figure 2.8: Calculated annual loads for cations (A), anions (B), nutrients (C), and total dissolved solids (D) in 
the Yellowknife and Cameron rivers. Hollow symbols represent years that were missing three or more 





Dissolved organic matter (DOM) is a ubiquitous component of terrestrial and aquatic environments 
and an important determinant of overall water quality.  For example, DOM dictates thermal and pH 
regimes within lakes55, complexes with and mobilizes metals61, and acts as an important redox 
constituent for biogeochemical reactions58.  Further, DOM affects drinking water quality through 
taste, odour, and colour65, and reacts with chlorine during drinking water treatment processes to 
form carcinogenic disinfection by-products67.  The overall reactivity of DOM is determined by its 
mixture of thousands of organic molecules with differing structural and chemical characteristics. 
Increased DOM concentrations in surface waters have been observed across the United Kingdom, 
Europe, and North America55,89 and have been linked with declines to water transparency55,92.  
These changes can have significant effects upon future drinking water treatment options66,102, yet 
little information is found on how DOM composition changes141.  Hence, quantifying changes to the 
amount and composition of DOM across temporal and spatial scales allows for a better 
understanding of future changes to DOM and its influence upon water quality. 
Measures of DOM concentration and composition are used to identify source, quality, and fate of 
DOM within the environment.  The overall DOM concentration is operationally defined as the 
concentration of carbon molecules passing through variable filter sizes (generally between 0.2 and 
0.7 μm).  Compositional measures commonly used include ultraviolet or visible light 
absorbance71,73,199, fluorescence70,72, elemental ratios77, molecular weight and size75, and mass 
spectrometry79,80.  Differences in DOM composition have been used to quantify hydrologic mixing 
and changes to redox potential200.  Differences in DOM absorbance parameters have been useful for 
tracking changes to DOM composition within riverine systems73 and coastal wetlands200, but can be 
susceptible to interference from other molecules within the sample, such as nitrate or iron71,74. 
Corrections for such interference are dependent upon DOM quality, so there is circularity if 
corrected and subsequently used to infer quality201.  Thus, use of various characterization 
techniques can provide an holistic representation of the components that comprise DOM. 
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Dissolved organic matter is the net representation of varying sources and degrees of processing 
at that point within the watershed.  Climate, hydrology, land cover, and nutrients have all been 
found to influence lake DOM composition49–51,202.  Quantifying changes to DOM composition along 
a hydrologic continuum can provide information on dominant sources or processes that influence 
DOM evolution203.  Laboratory experiments have been used to isolate specific DOM compositional 
changes resulting from either microbial or photolytic degradation83,204.  Catchment-scale 
observations of DOM composition have identified a gradient along the aquatic continuum where 
soil-derived aliphatic components of DOM are preferentially lost as water moves from subsurface to 
surface waters.  Here, aromatic, high-nominal oxidation state DOM becomes further degraded along 
the fluvial network to more aliphatic, low nominal oxidation state DOM79,81.  Increased degradation 
and processing of DOM along a system reduces its chemodiversity, with persistence of specific 
components linked to the original DOM composition50,81,205.  Hence, compositional measures 
provide quantitative information along the aquatic continuum that could be used to trace the 
evolution or reactivity of DOM. 
Recent progress in the understanding of DOM and carbon cycling has led to a change in the 
importance of characterizing DOM composition.  Specifically, the conceptualization of the genesis 
of soil organic matter (SOM) is undergoing a paradigm shift.  Previously, it was thought that SOM 
within subsurface environments would continually evolve towards recalcitrant forms that were 
resistant to further degradation.  Recent findings view organic matter as a continuum of 
decomposed and re-generated components that can be protected from further alteration by the 
surrounding soil and mineral matrix206–208.  Further processing enhances the solubility of SOM, 
transporting large volumes of labile, microbial-derived carbon into aquatic systems.  Once in the 
aquatic system, differences in DOM properties and composition, or intrinsic controls, are thought to 
dictate DOM fate more-so than extrinsic controls such as temperature, nutrients, sunlight 
exposure81.  Modelling of the rates at which microbes process DOM in surface waters have included 
approaches that treat DOM as a heterogeneous mixture of compounds with varying decay rates, 
rather than a 0- or 1-order rate209–211, allowing for specific DOM components to dictate overall 
degradation kinetics.  Hence, understanding kinetics and fate of DOM is closely linked to 
quantifying and comparing compositional changes over spatial and temporal scales.  
Comparison of different DOM measures have generally focussed on single hydrological 
environments (i.e. solely lakes) or one or two measures across spatial scales and varying 
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environments.  More recent studies have looked to pair optical properties with advanced 
compositional methods79,80.  The use of various and complimentary measures of DOM composition 
can provide a better characterization of DOM among samples.  There are various options to 
characterize DOM within the environment, but many are expensive, require complicated analysis, 
or are not accessible.  For instance, Fourier-transform infrared spectroscopy (FTIR) analyses 
provides insightful and novel information on DOM composition79,80 but is not readily available.  
Although fluorescence and subsequent parallel factor analyses (PARAFAC) are commonly used to 
characterize DOM, we chose to focus on a variety of available UV-visible light absorbance 
parameters.  The objective of this study is to use a relatively simple suite of DOM characterization 
techniques from surface and subsurface environments to determine which parameters explain the 
most variability within a DOM dataset from various ecoregions across Canada, and use these 
parameters to create a simple, effective tool to compare compositional differences in DOM. This 
will be accomplished in three parts: 1) determine which measures of DOM composition explain the 
most variability, 2) identify how these measures relate to DOM quantity and site, and 3) create a 




Locations were selected where DOM was expected to differ due to differences in surrounding 
watershed characteristics (e.g. land use, climate, and vegetation).  Surface and subsurface samples 
were collected from the Northwest Territories (Yellowknife, Wekweètì, Daring Lake), Nunavut 
(Lake Hazen Watershed), and Ontario (IISD-Experimental Lakes Area) (Figure 3.1; Appendix B). 
Surface water samples included lakes, rivers, creeks, and ponds, and were collected 0.25 m below 
the surface.  Subsurface samples from northern locations (Yellowknife, Wekweètì, Daring Lake, 
Lake Hazen) were collected from the deepest extent of the active-layer, just above the permafrost 
boundary (0.1 to 0.5 m below surface).  Additional samples were collected at Turkey Lakes 
Watershed (ON), Nottawasaga Valley (ON), Grand River (ON), Mackenzie River (NT), and Black 




Surface water samples were collected using a 60 mL syringe and filtered using 0.45 μm syringe-
tip filter (Whatman GD/X 45mm) into 40 mL pre-washed glass vials.  Subsurface samples were 
collected using a peristaltic pump with an attached 0.45 μm syringe-tip filter.  Vials and filters were 
pre-rinsed with filtered sample water before collection.  Samples were kept cool (<4ºC) and in the 
dark until analysis within three weeks of collection. 
 
Dissolved organic carbon and total nitrogen concentrations were measured using the Shimadzu 
Total Organic Carbon (TOC-L) Combustion Analyzer with TNM-1 module.  Dissolved organic 
nitrogen (DON) was calculated as the difference between total dissolved nitrogen concentration and 
sum of the inorganic nitrogen species (nitrate, nitrite, and ammonium).  Inorganic nitrogen species 
were measured using SmartChem 200 Automated Chemistry Analyzer (Unity Scientific, MA United 
States). 
Absorbance was measured using a Cary 100 UV-VIS Spectrophotometer (Agilent, CA United 
States) at 5 nm increments from 200 to 800 nm.  Deionized water was used to zero the machine, and 
was run intermittently during analyses to correct for baseline drift.  The Naperian absorption 





where A is the baseline-corrected absorbance at wavelength λ and L is the cell length (m).  A suite 
of absorbance characteristics were then calculated (Table 3.1). 
DOM composition was determined using a size exclusion chromatography technique (Liquid 
Chromatography – Organic Carbon Detection, LC-OCD75), at the University of Waterloo.  Briefly, 
the sample was diluted to within 1 – 5 mg C/L and injected through a size-exclusion column (SEC; 
Toyopearl HW-50S, Tosoh Bioscience) that separated DOM based on hydrodynamic radii into five 
hydrophilic fractions (from largest to smallest): biopolymers (BP; polysaccharides or proteins), 
humic substances fraction (HSF; humic and fulvic acids), building blocks (BB; lower weight humic 
substances), low molecular weight neutrals (LMWN; aldehydes, small organic materials), and LMW-
acids (LMWA; saturated mono-protic acids).  Based on elution time, a number average molecular 
weight was derived only for the HSF.  Duplicates run at six concentrations yield a precision for the 
LC-OCD of less than ±0.09 mg C/L for all fractions.  Concentrations of each fraction were calculated 
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using specialized software (ChromCALC, DOC-Labor, Germany) that integrated chromatograms 
from the LC-OCD. 
 
Data were analysed using unconstrained ordination analysis via principal components analysis 
(PCA) on a subset of samples that contained all composition measures (n=130).  Data were scaled 
before PCA, and analysed using R Statistical Software212.  
A Composition Wheel (CW) is a representation of various composition measures using a 
polygon.  Differences in shape can be easily used to compare different DOM compositions. 
Composition Wheel parameters were chosen based on the highest contribution of variables 
explaining the first two principal component axes (Appendix B).  Further, independent measures of 
DOM composition were chosen to minimize overlap in information between similar techniques.  
Each Composition Wheel axis corresponds to a specific parameter.  For each axis, the individual 
value for each sample is normalized as a value between the maximum and minimum encountered 
for that parameter in the dataset. 
 
 
DOM concentrations ranged from 0.1 to 273 mg C/L, with highest mean values in subsurface, pond, 
and creek samples (Appendix B).  Highest DOM concentrations were found from subsurface 
environments in Yellowknife, while the lowest concentrations were found in high arctic 
environments (Figure 3.2).  High arctic seeps, rivers, and lakes contained the lowest average 
DOC:DON values, but higher average specific ultra-violet absorbance at 255 nm (SUVA) and HSF 
values than other locations.  SUVA values ranged from 1.1 to 21 L/(mg·m) and were similar between 
ponds, lakes, and rivers.  Highest SUVA values were found from the bottom of a boreal lake and 
high arctic subsurface.  Spectral slope values ranged from 0.005 to 0.032 nm-1, and were highest in 
high arctic surface waters.  Values of DOC:DON ranged between 9 to 124, and were lowest in rivers 
and samples from high arctic sites.  Proportion of humics (HSF) ranged from 14% to 85%, and on 
average were lowest in lakes.  Overall, subsurface samples contained the highest SUVA and 
DOC:DON values, and lowest S275-295 and HSF values.  Hence, DOM concentration and composition 




The first three principal component axes explained 61% of the variance in the dataset, with PC1 
and PC2 accounting for 51% of the variability.  Comparison of the first two principal components 
yield four distinct groupings of strongly-contributing measures: I) SUVA, SAC420, SAC350; II) HSF, 
HS MW; III) S275-295, E2:E3, and SR; and IV) BB, LMWN, and BP.  Groups I and II were negatively 
associated to groups III and IV.  Highest contributions to PC1 and PC2 axes were HSF, SAC350, S275-
295, and SUVA. Variables with contribution to PC1 and PC2 lower than 2% were E4:E6, DOC:DON, 
S350-400, and LMWA (Appendix B).  Absorbance parameters normalized to DOM concentrations 
(SAC350, SAC420, and SUVA) all plotted closely to each other and trended positively with measures 
of HSF, HSF molecular weight, and DOC:DON.  Absorbance techniques plotted perpendicular to 
LC-OCD measures (Figure 3.3).  Thus, based on contribution and characterization technique, this 
study focussed on four independent measures to define DOM composition that include three high-
contributing variables to PC1 and PC2 axes (SUVA, S275-295, and proportion of HSF) and DOC:DON. 
 
Four DOM composition measures that explained the most variability within the dataset were used 
to compare DOM across a larger dataset.  Composition Wheel axes were defined using absorbance 
measures (SUVA, S275-295), HSF, and DOC:DON.  Although two absorbance measures are used, they 
represent independent measures of DOM composition as one characterizes the amount of UV-
absorbing components normalized to DOM concentration (SUVA) and the other is correlated with 
DOM molecular weight (S275-295).  Shapes varied across hydrologic and geographic settings, with 
larger shapes corresponding to samples with higher values of compositional measures.  Ponds and 
lakes tended to have lower values of SUVA and DOC:DON while subsurface DOM contained higher 
HSF and SUVA values (Figure 3.4:).  Representation of different measures using these four axes 
allows for a facile comparison of DOM composition among samples. 
 
 
Collection of samples from various locations and hydrological environments resulted in a wide 
range in values for each composition metric within the dataset.  Four distinct PCA clusters 
contained characterization methods that responded to different components of DOM (i.e: 
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independent measure of either size-based grouping, absorbance, or elemental ratio).  Further, 
chromophoric (CDOM) and non-chromophoric components of DOM were well represented within 
the dataset as absorbance measures plotted perpendicular to elemental and size-based fractionation 
methods (Figure 3.3).  Similar studies using PCA to assess relationships across various DOM 
characterization techniques have found higher explained variability in the first two principal 
component axes than this study83,213.  However, those studies used only absorbance parameters to 
describe DOM composition from leachates and surface waters in a subtropical coastal wetland.  
Representing a single location or source likely results in a higher explained variance than studies 
using a suite of DOM characterization techniques202 due to the simplification of quantitative DOM 
information214.  Further, data from this study represent various sites along the aquatic continuum. 
Although the dataset contains a wide range of values in all characterization methods, statistical 
analyses indicates that DOM composition could be easily represented by certain measures across 
spatial scales. 
Of all compositional measures used in this study, simple absorbance parameters that are 
normalized to the concentration of DOM explained the highest variability within the dataset.  This 
suggests there are a wide range to the CDOM components encountered across various 
environments.  Although various wavelengths could be selected, an excellent correlation was found 
when predicting the absorbance of a sample at a specific wavelength using different wavelengths 
across the absorbance spectra203.  Absorbance at different wavelengths within a sample are closely 
related and should provide similar interpretations of DOM composition, and is further supported by 
the grouping of specific absorption coefficients within the PCA (Figure 3.3).  Although absorbance 
parameters are easily measured and helpful in comparing different DOM compositions, they do not 
accurately reflect non-CDOM components that could be important for overall DOM composition. 
The difficulty with characterizing DOM composition is that there are a number of parameters that 
could be used to represent specific components of a whole.  These results illustrate how relatively 
simple measures of absorbance provide a limited, but quantifiable, component that represents DOM. 
Intrinsic DOM properties can be assessed through positive associations between different 
measures, allowing for a detailed interpretation of the overall DOM composition.  For instance, the 
similar direction of both HSF and DOC:DON PCA vectors indicate that humic-like molecules within 
DOM likely contain the minority of nitrogen moieties.  A similar interpretation of DOM was 
observed in Swedish lakes202 and northern German streams215.  Further, positive associations 
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between concentration-normalized absorbance parameters to other forms of characterization (such 
as size-based groupings or DOC:DON) indicate that CDOM may be primarily associated with high 
molecular weight, low-N containing humic-like components.  Slope ratio (SR) is inversely-related to 
overall molecular weight199, further supporting these findings by plotting oppositely of HSF but 
similarly to degraded components of HSF (such as BB216).  Similar associations between DOM 
characterization techniques are found in other studies using different DOM sources217.  Comparison 
with highly detailed characterization of DOM using FTIR shows agreement with certain LC-OCD 
fractions and fluorescence components79.  Associations between different characterization 
techniques not only help determine measures most useful to describe DOM composition, but also 
avoid overlap of information. 
In contradiction, we find both high-molecular weight (BP) and low-molecular weight (LMWN) 
variables plotting closely on the PCA (Figure 3.3).  LC-OCD quantifies different size-based DOM 
groupings as a proportion, removing the influence of overall concentration when comparing LC-
OCD groupings across samples.  However, the HSF generally comprises the dominant fraction of 
DOM75 and could lead to a negative correlation to other components (i.e: higher HSF inherently 
leads to lower proportions of BP and LMWN).  Hence, when humics do not comprise the majority 
of DOM, the dominant molecular-size fraction shifts to either larger (BP) or smaller (LMWN) 
components for either surface or ground waters, respectively (Appendix B).  Differences in the 
proportions of either high or low molecular weight components do not influence most absorbance-
based parameters as they plot perpendicular to the LC-OCD vectors, further supporting the concept 
that these independent measures of composition can be used together to gain a better 
understanding of absorbing and non-absorbing components of DOM. 
 
This large dataset incorporating both DOM quantity and composition provides an opportunity to 
compare the two.  While some studies find correlations between the amount of DOM and its quality 
across continental USA (lakes, streams, and estuaries218) others do not (boreal streams79 and north 
temperate lakes in Wisconsin219).  In this study, DOM concentrations from high arctic creeks were 
orders of magnitude different than subsurface DOM at Yellowknife, yet contained similar SUVA 
values (Figure 3.2a).  Although DOM concentration is not adequate to determine its composition, 
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concentrations of DOM are necessary for calculating mass balances, fluxes, biogeochemical rates, or 
observing net effects of mixing and should be measured concomitantly with compositional metrics. 
The general perception is that watershed vegetation governs the type of DOM.  However, CWs 
suggest this is not the case.  Similar DOM compositions are observed regardless of the range of 
vegetation types and sites that span areas of peat palsas (taiga shield), boreal shield watersheds, 
tundra heath ecosystems (Southern Arctic), and the high xeric arctic with relatively productive 
wetlands (Figure 3.4).  Instead, differences in DOM composition are more apparent between 
subsurface and surface water DOM than between sites; all subsurface DOM samples exhibit a high 
proportion of large, humic, UV-absorbing components.  The various sampling locations are very 
different in terms of vegetation and hence terrestrial sources of DOM, yet CWs indicate similarities 
across different ecoregions. 
The range in values found across the four compositional measures also compared well with DOM 
from other studies, indicating that DOM composition may not be unique to its locale. 
Concentrations of DOM and SUVA values from rivers in this study compared well to the 
comprehensive study of United States rivers73 and Canadian boreal lakes49.  Across lakes, streams, 
and estuaries in the United States, similar ranges in DOM concentration, SUVA, and DOC:DON 
were found218.  However, much higher SUVA values were found in non-riverine environments, 
particularly in subsurface samples from organic-rich wetlands.  Hence, DOM from northern regions 
contain similar compositions as DOM from areas with different climate and vegetation 
characteristics.  
Commonalities in DOM composition across concentrations and spatial gradients could identify 
similarities in DOM sources or processing, or reflect the presence of common molecular moieties 
that persist within the environment.  In a 120-lake survey of boreal lakes in Sweden, 95% of all 
unique molecular DOM compounds within the dataset were identified after only 45 lakes50, 
indicating a commonality in DOM composition transcending spatial scales and environmental 
gradients.  The similarity in varying compositional measures across different studies indicates DOM 
composition is not vastly different across environmental or latitudinal gradients, and differences in 





Expressing DOM composition with only four concentration-independent parameters excludes 
advantages of other techniques not used in this study.  However, there is agreement between 
multiple parameters that allow for the use of surrogates in the CW.  LC-OCD is not widely available 
but many studies have traditionally used resins73,220,221 or other size-exclusion columns214,222 to 
characterize DOM.  Further, LC-OCD fractions of humics have been well correlated to measures of 
13C-NMR and more accessible fluorescence measures such as HIX79,215,223.  Although fluorescence 
was not used in this study, strong associations between certain fluorescence parameters and 
absorbance or molecular-weight groupings could be used to replace LC-OCD defined fractions, such 
as using PARAFAC modelling to discern components most similar to HSF79,215 (Appendix B). These 
fluorescence parameters are also independent measures of DOM composition and could be readily 
substituted into the CW.  Elemental ratios of DOC:DON were positively correlated with humic-like 
fluorescence and negatively correlated to protein-like components202.  Slope ratio and E2:E3 (see 
Table 3.1 for description) are potential surrogates for S275-295 (Figure 3.2).  Measurements of SUVA 
could be substituted with SAC420, SAC350, or E4:E6, as well as HIX if not used for HSF81,202. Although 
SUVA has been correlated to fluorescence component C3 81,202, the opposite has also been found215.  
Associations between different characterization techniques allow for mixing and comparison of 
different variables, indicating a wide-range of applicability of CW for use within environmental 
sciences. 
Clear communication of science and its relevance to society is becoming increasingly important 
for informing public and supporting evidence-based policy decisions.  This visualization method 
provides an efficient communication tool not only among scientists, but also between scientists and 
other parties concerned with water quality, ranging from stakeholders to community members. It is 
clear how DOM composition differs due to the variations in shape, whereas changes in the 
numerical value of metrics are better understood by those with adequate background who are 
familiar with the methods.  Further, changes to composition resulting from DOM degradation could 
be used to trace DOM evolution, while different shapes of DOM could be associated with certain 
parameters of interest (i.e. disinfection demand, metal mobility).  By reducing the complexity of 
independent DOM measures and creating an easily comparable shape, differences in DOM 





Table 3.1: Dissolved organic matter composition as described by chemical, absorbance, and molecular-size 
based measures. 
Parameter Equation Unit Characteristic Reference 
Chemical 
DOC:DON 𝑀𝐶 ÷𝑀𝑁 -  77 
Absorbance 
E2:E3 𝐴255 ÷ 𝐴365 - 
Inversely related to 
molecular size 
69 
E4:E6 𝐴465 ÷ 𝐴665 - 
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71 
S275-295 𝑎𝜆 = 𝑎𝜆275𝑒
−𝑆(𝜆−275) nm-1 Inversely related to MW 199 
S350-400 𝑎𝜆 = 𝑎𝜆350𝑒





Inversely related to overall 
molecular weight; 
integrative indicator of 
CDOM history 
199 
Size Exclusion Chromatography 
Biopolymers (BP) - % of DOM Polysaccharides, proteins 75 
Humic substances (HSF) - % of DOM Humic or fulvic-like 
components 
75 
Building Blocks (BB) - % of DOM Degraded HS 75 
Low-molecular weight 
neutrals (LMWN) 





- % of DOM Saturated mono-protic acids 75 
HS molecular weight 
(HS MW) 
- g / mol Nominal average molecular 





Figure 3.1: Locations of sampling sites and ecoregion. River locations (Grand River, ON; Mackenzie River, 





Figure 3.2: Compositional measures versus overall DOM concentration (mg C/L). Measures include A) 
specific ultraviolet absorbance at 255 nm, B) slope between 275 to 295nm, C) DOC:DON, and D) proportion of 
humic substances. Colours represent geographical sampling locations (HZ: Lake Hazen Watershed, NU; DL: 
Daring Lake, NT; WK: Wekweètì, NT; YK: Yellowknife, NT; MR: Mackenzie River, NT; ELA: IISD-
Experimental Lakes Area, ON; TLW: Turkey Lakes Watershed, ON; NW: Nottawasaga Valley, ON; GR: Grand 
River, ON; LP: Long Point, ON; BBK: Black Brook Watershed, ON) while shapes represent hydrologic 






Figure 3.3: Principal component analysis for samples that contained measures of absorbance (red), elemental 





Figure 3.4: Composition Wheels for different hydrological environments at different locations. Axes 
represent the normalized value for each parameter (parameter axis in bottom left). Different samples from the 






Northern environments are some of the most sensitive to a warming climate and are experiencing 
rapid changes that affect carbon cycling, aquatic ecosystem health, and drinking water quality.  
Across the circumpolar north, large reserves of carbon are frozen within organic-rich 
permafrost162,194 but changes to temperature and hydrology have led to the mobilization of this 
carbon15,18,30,33.  In particular, release of carbon as dissolved organic matter (DOM) can transfer 
carbon between aquatic and terrestrial systems.  The overall amount of DOM in a sample is 
quantified by the concentration of dissolved organic carbon that passes through variable filter sizes.  
However, DOM is comprised of thousands of organic molecules with varying structural and 
chemical properties that can influence the reactivity of DOM with its surroundings.  For instance, 
depending upon its composition, DOM can influence water transparency and thermal regimes 
within lakes55, provide an important energy source for aquatic food webs3, influence subarctic lakes 
and pond bacterial community composition and diversity90, or act as an important biogeochemical 
constituent in redox reactions58.  In terms of drinking water resources, DOM affects water colour, 
taste, and odour, and reacts to form carcinogenic disinfection by-products during water 
treatment65–67.  Increases to surface water DOM concentrations have been observed, most notably 
among northern environments, and can complicate future drinking water treatment options89,92,102.  
Determining what drives differences in DOM concentration and composition in northern 
environments would better allow for predictions to the impact of changing DOM upon aquatic 
health and drinking water resources. 
Recent studies have focussed on the effects of permafrost degradation and subsequent carbon 
release on the overall carbon cycle and aquatic ecosystem.  Carbon from thawing permafrost is old 
and can be easily utilized by microbes96,134,226 in comparison to active-layer DOM which has been 
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subjected to substantial degradation before reaching surface waters98.  In northern environments, 
subsurface DOM characteristics are becoming increasingly dominant within surface water DOM34 
and could lead to enhanced bacterial production within peatland lakes227.  Further, thaw ponds with 
high DOM and nutrients in the eastern Canadian Arctic have higher microbial activity and higher 
water methylmercury concentrations228.  In ice-rich areas, warming of the subsurface results in 
active-layer detachments and thermokarst that leads to sudden influxes of permafrost carbon and 
nutrients into surface waters128,136,229.  Hence, the responses of northern areas to a warming climate 
have direct implications on the carbon cycle and aquatic ecosystem health as there is the potential 
for large amounts of previously immobilized carbon to enter aquatic systems. 
Biodegradation is an important driver of DOM concentration and composition in the 
environment. The intrinsic (compositional) properties of organic matter can dictate how easily 
DOM can persist or degrade, termed lability, within the environment81,230,231.  Optical properties of 
DOM, such as fluorescence and ultraviolet (UV)-visible absorbance, have been used as qualitative 
indicators of biodegradation82,83.  Generally, DOM transported into surface waters from terrestrial 
environments (allochthonous DOM) is typically considered more difficult to biodegrade, or 
recalcitrant, compared to DOM produced in situ (autochthonous DOM).  However, recent studies 
have found otherwise209,232,233.  Similarly, the traditional approach to the labile-recalcitrant 
categorization was based on a size-reactivity continuum, where high molecular weight DOM was 
more labile than low molecular weight components234.  Recent findings suggest that bioavailable 
DOM components are influenced by the diversity of the DOM mixture in the system84,85, thus it is 
possible for labile components to be molecules of either low molecular weight (LMW)211 or high 
molecular weight (HMW)108.  Characterizing DOM composition provides a way to quantify how 
biological processing alters DOM concentration and composition. 
Northern surface waters act as biogeochemical hotspots for carbon and nutrient cycling3,37, thus 
better predictions of carbon cycling and carbon fate in northern systems can be achieved by 
quantifying the rates and processes that dictate DOM evolution.  Most biodegradation studies have 
been conducted in Siberia, Alaska, and Sweden, while Canadian experiments have focused on 
northern Quebec235,236 or the Mackenzie Delta129,229.  There is a wide range in the fraction of DOM 
that is biodegradable (BDOM) among these systems. For instance, within thaw slump only 
incubations, BDOM ranged from >40% in Siberia32,96 to between 1 and 12% in the NT129.  Large 
differences in the proportion of BDOM are found, yet few estimates of BDOM exist, let alone 
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microbial degradation rates with paired measures of DOM composition for wide areas of northern 
Canada.  Degradation rates provides a quantifiable value to predict and model the response in DOM 
concentration to a changing climate based on known parameters, such as changes to nutrient levels, 
water residence times, or temperatures. 
  The overall objective of this study is to quantify the range of BDOM and microbial degradation 
rates of DOM across various hydrologic sites from the western sub-arctic and high arctic in Canada. 
This will be accomplished using three specific objectives: 1) quantify the concentration of BDOM 
and microbial degradation rate for each site, 2) determine how microbial degradation changes 
measures of DOM composition from different northern sites, and 3) determine whether initial DOM 
composition can be used to predict microbial degradation rate.  Various hydrologic sampling sites 
along a latitudinal gradient will be used to provide a range in DOM compositions that span 
differences in watershed characteristics, sources, and processes. 
 
 
Bulk water was collected from creeks, lakes, ponds, and subsurface sites across the Northwest 
Territories (late July; Yellowknife (YK), Daring Lake(DL)) and the Lake Hazen Watershed, NU (HZ; 
early July; Figure 4.1). Subsurface water was collected from the deepest extent of the active-layer. 
An aliquot of each sample was taken as the ‘inoculum’ and filtered only to 1.2 μm to remove large 
particulates and allow for the ambient microbial consortium to pass through.  The remaining water 
was filtered in the field to 0.45 μm.  It should be noted that filtering to 0.45 μm does not eliminate all 
microbes and render the solution sterile, but was chosen to be consistent with previous 
characterization of DOM samples (i.e. Chapter 3).  Both filtered water and inoculum were kept cool 
(<4ºC) and in the dark until experiments were conducted (within 2 weeks) at the University of 
Waterloo. For logistical reasons, Lake Hazen experiments were conducted on site. 
 
Similar to the majority of reported microbial incubation studies, the concentration of BDOM was 





where DOC0 represents the initial concentration of dissolved organic carbon and DOC30 represents 
the final concentration.  Percentage of BDOM was calculated by dividing the BDOM concentration 
by DOC0.  Use of this common methodology to calculate BDOM allowed for the comparison of 
results from this study to other reported values across the circumpolar north.  It should be noted 
that this definition of BDOM assumes DOM loss results only from mineralization into CO2 or 
incorporation into biomass.  Very few studies include ‘control’ treatments to assess changes in 
DOM without inoculum (Table 4.1).  Over time, DOM can be lost to flocculation processes or adhere 
to container walls during storage in the absence of microbial activity.  Thus, reported estimates of 
BDOM include these dark abiotic losses.  Controls were included in this experiment in order to 
calculate the minimum proportion of DOM loss due to microbial degradation.  Total DOM loss, 
which may include abiotic losses, was used to calculate degradation rates and compare proportions 
of BDOM using consistent BDOM definitions encountered in the published literature. 
Microbial degradation experiments were conducted using duplicate sacrificial bottles at the 
following time points: 0, 4, 7, 14, and 30 days.  These sampling times capture the majority of DOM 
change and provide high-resolution sampling during initial rapid degradation.  Half of the filtered 
water was mixed with inoculum (10% by volume), well stirred, and poured into a series of either 250 
mL acid-rinsed glass bottles (YK and DL) or 5 L Tedlar bags (HZ). The remaining sample was used 
as a Control treatment to compare loss of DOM without inoculum.  Control treatments were not 
prepared for Lake Hazen.  Containers had sufficient air in the headspace to avoid oxygen limitation 
during DOM decomposition.  Bottles and Tedlar bags were gently agitated daily to ensure the water 
did not become anoxic.  Experiments were conducted in the dark and at room temperature. 
 
Samples were re-filtered to 0.45 μm at each sacrificial time point and run for subsequent 
geochemical analyses.  Samples were quantified for concentrations of dissolved organic carbon 
(DOC; mg C/L) and total nitrogen (TDN; mg N/L) using a Shimadzu Total Organic Carbon (TOC-L) 
Combustion Analyzer with TNM-1 module (precision of ±0.3 mg C/L; ±0.3 mg N/L).  Inorganic 
nitrogen species (NO2-, NO3-, NH4+) were analysed using SmartChem 200 Automated Chemistry 
Analyzer (NO2- and NH4+ precision of ±0.1 mg N/L, precision NO3- of ±0.15 mg N/L; Unity Scientific, 
MA United States).   
 
47 
DOM was characterized primarily using UV and visible absorbance and DOC:DON ratios. 
Absorbance was measured using a Cary 100 UV-VIS Spectrophotometer (Agilent, CA United States) 
at 5 nm increments from 200 to 800 nm. Deionized water was used to zero the machine, and run 
intermittently during analyses to correct for baseline drift. The Naperian absorption coefficient (a; 





where A is the baseline-corrected absorbance at wavelength λ and L is the cell length (m). The 
specific UV-absorbance at 255 nm (SUVA) and visible absorbance at 420 nm (SAC420) were 
calculated by dividing the Naperian absorption coefficient by the overall DOM concentration. The 
spectral slope between 275 and 295 nm was also calculated199. 
Initial DOM composition was further characterized using molecular size-based groupings 
determined by liquid-chromatography organic carbon detection (LC-OCD).  Detailed methodology 
can be found elsewhere75.  Briefly, the sample passed through a size-exclusion column (SEC; 
Toyopearl HW-50S, Tosoh Bioscience) that separated DOM based on hydrodynamic radii into five 
hydrophilic fractions (from largest to smallest): biopolymers (BP; polysaccharides or proteins), 
humic substances fraction (HSF; humic and fulvic acids), building blocks (BB; lower weight humic 
substances), low molecular weight neutrals (LMWN; aldehydes, small organic materials), and LMW-
acids (LMWA; saturated mono-protic acids).  Duplicates run at six concentrations yield a precision 
for the LC-OCD of less than ±0.09 mg C/L for all fractions.  For this study we focussed on BP, HSF, 
and LMWN as they provide information on three different size-groupings and have been 
determined to be most useful to differentiating different DOM compositions (Chapter 3). 
Composition wheels (CW) were used to visually compare differences in DOM composition 
between initial and final samples (Chapter 3). Composition Wheels use a polygon to represent 
different metrics of DOM composition that best explain the variability in DOM encountered across 
a variety of environments.  Independent measures were chosen to provide an encompassing 
representation of various DOM characteristics and include: SUVA (measure of UV-absorbing 
capability), spectral slope (S275-295; inversely related to overall molecular weight of UV-absorbing 
components), DOC:DON (indication of source and nitrogen content), and SAC420  (measure of water 
colour and humic material).  Values were normalized as a proportion of the maximum and 




The correlation between DOM composition and BDOM measurements were calculated using the 
non-parametric Pearson coefficient correlation.  Linear and 1st-order degradation rates were 
calculated in R212.  The Reactivity-Continuum (RC) Model, derived from marine environments, has 
been applied to model the rate of degradation of DOM in freshwater systems209,211,236.  This 
approach treats DOM as a distribution of labile and recalcitrant components that change over time, 









where α is the average life-time of more reactive components, v relates to the quantity of 
recalcitrant components, and t is age (days)209. The initial 1st-order decay rate constant (k) can be 
calculated as v/α (d-1) and represents the expected value from the initial gamma distribution of 
reactive and recalcitrant DOM components210.  These measures not only provide degradation rates, 
but also provide information on differences in DOM lability. 
 
 
A range in DOM concentration and composition were measured across various hydrologic 
environments in different ecoregions.  Samples from YK contained the highest DOM concentrations 
(16 to 84 mg C/L) while HZ samples contained the lowest (2.5 to 6.2 mg C/L; Table 4.2).  Subsurface 
sites contained higher DOM concentrations than surface waters for all locations but HZ (Figure 4.2). 
Differences between surface and subsurface water DOM composition were more apparent than 
differences in composition across a latitudinal gradient.  Initial measures of SUVA ranged from 4.0 
to 9.1 L/(mg·m) with lowest SUVA values from YK and DL creeks and highest values from YK and 
DL subsurface DOM (Table 4.3).  Similar spectral slope values were found for most samples across 
sites, ranging between 1.3x10-2 to 1.7x10-2 nm-1.  Across all sites, surface waters contained higher 
spectral slope values than subsurface DOM with the highest slopes found from DOM in a YK creek 
and HZ lake (Table 4.3).  DOC:DON of initial samples were highest at YK (31 to 56) compared to 
either DL (21 to 42) or HZ (13 to 28).  Subsurface DOM contained the highest DOC:DON from YK 
and DL samples (56 and 42, respectively).  Measures of SAC420 ranged from 0.19 to 0.75 L/mg·m, 
with lowest values from surface water DOM (HZ lake, DL creek, and YK creek).  Similar DOM CW 
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were found in YK and DL subsurface, YK pond, and DL creek (DAR 8; Figure 4.3).  Use of a suite of 
compositional metrics indicated that subsurface DOM is compositionally different than surface 
water DOM due to differences in UV-absorbing capabilities and DOC:DON. 
 
The proportion of BDOM after 30 days varied across all sites.  Degradation experiments quantified a 
total loss in DOM that ranged from 1 to 27% of the initial concentration, with an average loss of 11% 
(n=9) over 30 days (Table 4.2).  The majority of DOM loss occurred within 14 days (Figure 4.2).  The 
total loss of DOM was higher in samples with high initial DOM concentrations.  In particular, YK 
samples had higher initial DOM concentrations and a greater DOM loss over 30 days than either DL 
or HZ samples.  DOM loss in Control treatments ranged from 4 to 14% and resulted in minimum 
microbial loss proportions from 1 to 13% (Table 4.2).  The average difference in proportion of 
BDOM and minimum microbial loss was 8%.  Thus, DOM at all these sites is biolabile.  Although the 
total DOM loss was greater in samples with added inoculum, the addition of Control treatments 
provide an estimate to the minimum microbial contribution.  
A range of microbial degradation rates were quantified from different initial DOM compositions.  
Different models were used to account for limited data availability (linear model), comparison to 
traditional methods (first-order), and use of newer approaches (RC Model).  Similar patterns in the 
relative magnitude of linear and 1st-order derived degradation rates were observed among different 
samples; however, unlike other models the RC model predicted a higher initial degradation rate 
from YK pond than YK subsurface (Table 4.4). The highest linear and 1st-order degradation rate was 
found from a DL creek (DAR10) and YK subsurface, while the lowest rate was from HZ subsurface 
(Table 4.4).  Degradation rates in all surface waters were comparable.  Predicted initial RC Model 
degradation rates were highest from DL creek, YK subsurface, and YK pond, and much lower for the 
remaining samples (Table 4.4).  Hence, 1st-order and linear rates were similar in relative magnitude 
across different locations and identify DOM samples that are more easily degraded than others.   
RC modelling rates were calculated for all but three samples (where the model was unable to 
converge).  The highest initial rates were determined for YK samples (9 to 34 x10-3 d-1) and a DL 
creek (99 x10-3 d-1) and lowest from LH (1 to 3 x10-3 d-1).  Similar α values from YK subsurface, YK 
creek, and DL subsurface samples indicate higher average lifetimes of the more reactive 
components (11, 14, 9 d, respectively) compared to other samples. Use of the RC Model resulted in 
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similar trends in the relative magnitude of degradation rates compared to the other two models, and 
provided a method to quantify the relative abundance of labile and recalcitrant DOM components. 
 
The DOM composition of most samples changed in response to the loss in DOM concentration 
(Figure 4.3).  Only DL subsurface and DL creek had little compositional change, even after a 5 and 
11% total loss in DOM concentration (Table 4.2).  SUVA values increased after 30 days of microbial 
degradation for all sites except DL subsurface and LH subsurface, with the largest increases found 
in YK subsurface, DL creek, and HZ seep. Measures of SAC420 increased for most samples except in 
DOM from DL subsurface, DL creek, and HZ subsurface.  Overall, various metrics of DOM 
composition did not respond uniformly when compared across different samples with changes 
being unique to each sample.    
Absorbance-based measures of initial DOM composition were not good a priori predictors for 1st-
order degradation rates, 30-day concentration of BDOM, or proportion of BDOM (Figure 4.4).  
Conversely, initial proportions of different molecular-based size DOM groupings were significantly 
correlated to the proportion of BDOM and 1st-order degradation rate (Table 4.5).  The majority of 
DOM was comprised of high molecular weight components (total of BP and HS proportions: 73 to 
80%) and a smaller contribution of LMWN (3 to 12%; Figure 4.5).  Subsurface samples contained the 
highest proportions of HS (71 to 78%), while creeks contained the highest amount of BP and 
LMWN.  Hence, characterization of DOM based on size-based groupings may provide better 
predictive capability to the susceptibility of DOM to microbial degradation than absorbance based 
measures. 
The magnitude of change in some parameters can be used as a surrogate for predicting the 
proportion of BDOM.  Little change was observed in S275-295 (between -3 to 5% after 30 days) while 
large changes were observed in SUVA, DOC:DON, and SAC420 (Table 4.2; Figure 4.6).  The change 
in SUVA was significantly correlated to the proportion of BDOM over the 30-day microbial 





Comparison of laboratory biodegradation results can be difficult because measured BDOM values 
are influenced by differences in temperatures, inoculum filter sizes, incubation durations, and 
nutrient additions238.  However, use of different methodology during soil DOM biodegradation 
experiments resulted in comparable final BDOM values, supporting comparison across different 
studies regardless of experimental design239.  Our laboratory experiments were set up to quantify 
BDOM amount and degradation rate based on previous BDOM definitions using the host microbial 
consortia and ambient nutrient levels at each site.  Although this limits our ability to compare rates 
with other studies using different filter sizes or nutrient additions, it quantifies a representative 
proportion of BDOM for each of our studied systems.   
Even within a site a whole range of factors including nutrient availability, in situ temperature, 
and microbial community, to name a few, can result in different rates of degradation.  Transport 
and mixing along hydrologic flow paths can change the conditions and thereby increase or decrease 
degradation rates.  Similarly, hydrologic residence time can affect the actual amount of degradation 
at each site as longer residence times allow for more processing within the environment.  Another 
important consideration is the time it takes for microbial populations to establish within the 
containers.  All efforts were made to minimize the effect of transit time (kept cold and quick setup 
of the incubations) but this may have affected the microbial consortium added to the samples. Thus, 
both environmental and experimental design features are important to understand when comparing 
differences in BDOM and degradation rates. 
Quantifying the explicit contribution between biotic and abiotic DOM loss during incubation 
experiments is difficult.  During the incubation, DOM loss can result from microbial mineralization 
into carbon dioxide, formation of biomass, or from altered DOM solubility, sorption to biomass, and 
flocculation as particulate organic matter.  The inclusion of Controls shows that DOM loss occurs 
even without inoculum addition (Table 4.2). Approximately 95% of bacteria can still pass through a 
0.3 μm filter size240 likely contributing to DOM degradation within Control samples. Further, one 
study was able to culture bacterial communities that passed through 0.1, 0.45, and 0.7 μm filter pore 
sizes241, signifying that Control samples still include some of the native microbial consortia.  
Alternatively, abiotic microparticle formation occurs within filtered samples242.  Re-filtration of 
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samples before analyses would encompass DOM loss from both biomass growth and abiotic 
flocculation, as well as microbial respiration.  Few studies report changes to dissolved inorganic 
carbon (DIC) when assessing microbial degradation of DOM, but those that have observe increased 
DIC concentrations over the duration of the experiment93,94,243.  Select YK samples analyzed for DIC 
indicated little change to DIC concentration over the incubation (Appendix C) suggesting some 
DOM loss may be attributed to biomass growth or flocculation rather than mineralization into 
inorganic carbon.  Samples with high proportions of minimum microbial contributions showed 
large changes to DOM composition (Figure 4.3; Table 4.2).  The lack of including and reporting 
Control results (Table 4.1) indicates that caution should be taken when referring to DOM loss as 
BDOM as filtration to 0.45 μm may allow a sufficient population of microbes through that continues 
DOM degradation at slower rates.  Hence, the loss of DOM within this study is due to both biotic 
and abiotic processes over the 30 day incubation. 
 
As discussed in Chapter 3, differences in DOM composition were more apparent between 
subsurface and surface water samples than samples across a latitudinal gradient.  There is similarity 
in the composition of subsurface DOM in this study to terrestrial-like DOM observed across other 
northern systems34,244,245.  Further, characteristics of surface water DOM, such as higher BP and S275-
295, reflect either photodegradation or biotic in situ DOM contributions90,130,199.  Hence, differences 
in DOM composition likely span a gradient of sources and amounts of previous processing.  This 
provided a comprehensive dataset to relate differences in DOM composition to microbial 
degradation rates and BDOM amounts. 
The proportion of DOM lost from samples in this dataset are well within the range of BDOM 
reported across the circumpolar North for similar incubation lengths.  DOM from the sub-arctic 
contains greater BDOM proportions and degradation rates compared to high arctic DOM (Table 
4.2).  Further, samples in this study had the highest DOM loss reported in the NT when compared to 
one other similar experimental setup (Table 4.1).  However, BDOM proportion in this study was 
lower when compared to studies conducted in Siberia and Alaska (>40% 96,108 ; Table 4.1).  Linear 
degradation rates are similar to values found from freshwaters in Russia and Alaska, and initial 1st-
order decay rates determined from the RC Model were higher in this study than reported from 
either Swedish lakes or Canadian boreal streams209,236.  Thus, northern ecoregions sampled in this 
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study all contained DOM with some degree of microbial-labile components with comparable 
degradation rates to areas with different climate and vegetation; however, the sites in this study 
contained a lower proportion of BDOM compared to other circumpolar areas. 
 
Previous studies of surface water DOM in northern regions found biolabile DOM to consist of LMW 
and low-aromaticity components96,108,129.  With this definition, both YK creek and HZ lake DOM 
have high proportions of biolabile components but neither had the highest degradation rates 
(Figure 4.4).  Strong correlations between the proportion of BDOM to both large and LMW 
groupings suggest biolability may not be simply defined by different molecular-sizes of DOM as 
suggested by others234.  Rather, the definition of biolabile DOM components may differ across 
various systems depending upon the preferences of the ambient microbial community84,85.  
Essentially, the DOM components that are microbially labile may differ across sites. 
Certain measures of DOM composition are not good a priori predictors of microbial DOM quality.  
For instance, unlike in this study, measures of initial spectral slope and elemental ratio have been 
shown to correlate to microbial DOM quality in soil, lakes, and rivers108,209,239,243.  In general, high 
SUVA has been associated with lower BDOM proportions32,111,115,129 (Figure 4.7), attributed to the 
preferential microbial degradation of non-UV or visible light absorbing LMW DOM93.  However, 
some studies find no relation between BDOM and initial SUVA246,247, as was the case with this 
dataset. 
Measures of DOM composition do not always respond to microbial degradation, as seen from DL 
subsurface and creek DOM.  Similar results were observed during a 3.5 year dark incubation as 
fluorescence indices did not change even though DOM decreased by 40% 247.  Further, measures of 
SUVA and fluorescence did not change during a boreal lake water DOM incubation246.  Hence, use 
of absorbance-based measures of initial DOM composition are not always effective to predict 
microbial DOM lability. 
The magnitude of change in SUVA is a better indicator to the proportion of BDOM than the 
initial SUVA value as an a priori indicator.  Changes to DOM composition are unique for different 
samples and few composition measures were able to predict the microbial lability of DOM.  Thus, 
measures of SUVA may be better suited to determine changes to DOM during microbial 
degradation rather than predict its initial microbial quality. 
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The unique response of each sample to microbial degradation and range in DOM degradation 
rates encountered suggest that sample location is more important for microbial degradation than 
initial DOM composition.  Differences in climate, microbial consortia, and nutrients may control 
degradation rates.  Regardless, certain measures of DOM composition provide an excellent indicator 
to the influence of microbial degradation upon DOM composition, with some measures that are 
more sensitive to microbial degradation than others.  In particular, the preferential loss of non-UV 
and visible light absorbing components are easily captured with increased SUVA and SAC420 values.  
This is further supported by the significant positive relation between BDOM and the non-UV 
absorbing BP fraction75 (Figure 4.6) suggesting that changes to SUVA and SAC420 act as indicators of 
microbial processing. Hence, measures of DOM composition are useful to track changes to DOM 
but the overall proportion of DOM loss and rate of microbial degradation are location dependent. 
 
The distribution of sites across a latitudinal gradient provides a simplistic comparison of different 
physical controls on DOM composition and lability.  From south to north, the landscape generally 
becomes colder, drier, and soils contain lower soil organic content, all of which are important 
factors that regulate biodegradation rates82.  Low microbial degradation rates in high arctic sites 
(Table 4.4) indicate that DOM has either been heavily processed in the terrestrial environment, or 
the microbial community does not process the DOM as extensively as other sites.  Conversely, sub-
arctic sites contain DOM that is readily lost over 30 days, indicating that microbial DOM quality 
differs widely across the latitudinal gradient.  Degradation constants need to be quantified for 
specific locations as 1st-order degradation rate constants could differ by up to 10x across all samples.  
Doing so will help constrain the rate at which carbon may be cycled through the system due to 
microbial degradation.  Although the proportion of BDOM and degradation rate constants all differ, 
every location contained some component of BDOM that could act as an energy source for 
downstream biogeochemical reactions. 
Subsurface processing can alter the form and amount of DOM exported to surrounding surface 
waters.  Changing hydrologic flow pathways due to deepening active-layer thicknesses, increasing 
subsurface temperatures, and changes to the timing and amount of precipitation17,132,148 could all 
affect subsurface residence times and carbon processing.  However, permafrost and active-layer 
leachates in Finland were found to be of low quality as only 3% was mineralized after a week98.  
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Scaling of laboratory to field studies is difficult to extrapolate as thawed cores or leachates 
represent the immediate lability of leached DOM and not necessarily what will be transported into 
surface water systems.  Further, the variability in subsurface DOM degradation rate constants 
among different ecoregions (up to 7x difference) indicates that changes to the subsurface residence 
time and thawing of permafrost could alter the amount of DOM processed within the terrestrial 
landscape. 
Nutrient deficiency within oligotrophic systems can hinder DOM degradation.  The release of 
dissolved inorganic and organic nitrogen resulting from permafrost thaw could accelerate microbial 
processing of subsurface DOM82,116,156.  Both inorganic and organic forms of nitrogen can be utilized 
by bacteria for cell growth depending on the availability of other nutrients, such as phosphorus.  
DOM can act as an important source of nitrogen as bacteria can grow more efficiently on DOM 
with low DOC:DON78,230,248,249.  In Greenland arctic lakes, DOM was a readily-available source of N 
for microbial nutrient demands250.  Inorganic nitrogen, phosphorus, and DON did not hinder DOM 
processing among thermokarst slumps and water tracks in Alaska111 while a meta-analysis of 
northern DOM incubation studies found inorganic nutrient addition to have little influence on 
BDOM238.  DOC:DON decreased in most samples during the experiment suggesting the loss of N-
poor components or the production of N-rich dissolved organic products (Figure 4.3).  We did not 
find any correlation between initial DOC:DON and either degradation rate or proportion of BDOM 
(Table 4.5) indicating the microbial community are not utilizing DOM as a source of nitrogen.  
Although DOM may supply a source of nitrogen to these systems, the lack of correlation between 
initial DOC:DON and proportion of BDOM indicates differences in DOC:DON is not a sensitive 
indicator of DOM lability at any of our sites. 
 
A series of incubation experiments were conducted to quantify the importance of initial DOM 
composition in terms DOM loss and degradation rate.  Differences in the amount and composition 
of DOM across hydrologic and geographic sites that included rivers, creeks, pond, and subsurface 
waters were greatest between subsurface and surface waters, rather than across locations.  
Although we report the highest BDOM proportions in the NT, overall BDOM proportion was 
generally lower than incubations conducted at other circumpolar areas.  However, 1st-order and RC 
Model microbial degradation rates were relatively similar to other studies.  Differences in microbial 
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DOM qualities across three Canadian arctic ecoregions are evident and result in a range of 1st-order 
degradation rate constants (up to 10x among all samples).  The highest BDOM proportions, or most 
labile DOM, was found in low arctic subsurface waters and creeks.  Not all metrics respond the 
same to microbial degradation.  Changes to DOM composition were not uniform across sites and 
resulted in a unique final composition for each sample.  Size-based groupings of DOM and the 
increases to SUVA and SAC420 were found to be strong predictors of BDOM proportion.  Hence, the 
unique response of each sample, the wide variation in degradation rate constants, and the lack of 
relationship between initial DOM composition and BDOM proportion, all indicate that location may 
be more important for determining DOM lability than initial DOM characteristics.  This outlines the 
importance of conducting microbial incubation experiments to obtain relevant and applicable 






Table 4.1: Summary of microbial degradation experiments for arctic and sub-arctic environments.  Included are site characteristics (area and sample), 
definition of biodegradable dissolved organic matter (BDOM), duration of experiment, whether nutrients were added (Nutri.), incubation temperature (Temp.), 
inclusion of a control or Control, and the microbial degradation model used to calculate rates. A linear degradation rate was calculated from studies that did 
not include rates in the dataset (termed ‘calc. here’). 
SITE  MICROBIAL INCUBATION SETUP BDOM RESULTS  














Rate (d-1) Reference 
Russia Yedoma thaw 
Difference in 
DOC before and 
after 28d 






Russia Erosion streams 30 17.5 0.006 
Russia Streams 20 13.3 0.005 
Russia Minor tribs 9.2 21 0.008 
Russia Major tribs 6.1 12.2 0.004 
Russia Kolyma River 5.1 14.6 0.005 
             
Russia Kolyma River - Average 
Difference in 
DOC before and 
after 28 days 






Kolyma River - 
Minimum BDOC 2.7 0.1 0.000 
Russia 
Kolyma River - 
Maximum BDOC 13.2 20.4 0.007 
             
Russia Yedoma thaw streams 
DOC loss after 




river water 155 41 
Linear 
(calc. here) 0.015 
96 
             
Russia Soil pore waters 5-day biological 
oxygen demand 
difference 





251 Russia Streams 12 3.2 0.006 Russia Rivers 4.9 6.2 0.012 
Russia Kolyma mainstem 3.6 4.5 0.009 
             
Russia 
Kolyma River main 
stem Percent loss 
over incubation 
time 
28 No 20 Filtered to 0.7um None 





Permafrost thaw stream 
A 152.4 52.2 0.12 
Russia 
Permafrost thaw stream 
B 165.8 61.9 0.19 
             
AK, USA 
Soil leachate (Nonacidic 
tundra) Difference in 
DOC over 
incubation 











117 46 Linear 
(calc. here) 
0.033 
252 AK, USA Soil leachate (Acidic-1) 113 34 0.024 
AK, USA Soil leachate (Acidic-2) 117 36 0.026 
             
AK, USA Permafrost soil leachate 
DOC loss 
entirely due to 
microbial uptake 
8.3 Yes 20 1.6um inoc added None 18 53.5 
Linear 
(calc. here) 0.064 
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AK, USA 
Kuparuk River (May to 
July average) Difference in DOC over 
incubation 










Upper Kuparuk River 




Colville River (May to 
July average) 6.5 13.5 0.004 
AK, USA 
Sagavanirktok River 
(May to July average) 4.0 6.9 0.002 
             
AK, USA Bog leachate 
Difference in 
DOC before and 
after 30d 









78 AK, USA 
Forested Wetland 
leachate 32.1 23 0.008 
AK, USA Fen leachate 14.6 42 0.014 
AK, USA Upland Forest leachate 9.2 29 0.010 
             
AK, USA Bog stream 
Difference in 
DOC before and 
after 30d 












stream 18.7 12.6 0.004 
AK, USA Upland forest stream 5.5 22.9 0.008 
AK, USA 
Main-stem stream 
(Peterson Creek) 8.4 16.1 0.005 
AK, USA 
Main-stem stream 
(McGinnis Creek) 1.4 30.1 0.010 
AK, USA 
Main-stem stream (Fish 
Creek) 5.0 19.8 0.007 
             
AK, USA Feniak streams Percent DOC 
loss over time 40 Yes 20 Inoculated None 
3.7 38.1 Linear 
(calc. here) 
0.010 
115 AK, USA Toolik streams 3.1 18.5 0.005 
AK, USA Anaktuvuk streams 13 9.6 0.002 
             
AK, USA 
Outflow - No thermo-
degradation 
DOC drawdown 
after 10 and 40 
days 











Outflow - Active 
thermo-degradation 27 40.9 0.010 
AK, USA 
Outflow - Moderate 








             
AK, USA C2 Stream 

















AK, USA C4 Stream 2.9 35.6 0.009 
AK, USA C3 Stream 6.2 4.4 0.001 
AK, USA S-C3a Spring 15 15 0.004 
AK, USA S-C3b Spring 1 46.9 0.012 
AK, USA S-C4a Spring 1.7 35.2 0.009 
AK, USA K1 Thermokarst 37 8.9 0.002 
AK, USA K2 Thermokarst 31 6.8   
             














129 NT, Canada Within Thaw Slump 9.0 11.8 0.004 
NT, Canada 
Downstream Thaw 
Slump 12 8.3 0.003 
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Sweden Lake Cumulative 
DOC loss per 
unit time step 








118 Sweden Fen leachate 8.91 56 0.055 Sweden Active Layer leachate 11.29 32.5 0.034 
Sweden Permafrost leachate 19.78 21.7 0.023 
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Table 4.2: Initial and final dissolved organic matter (DOM) concentrations for all samples in a 30-day 
microbial incubation experiment.  The biodegradable DOM (BDOM) is calculated as the amount of DOM lost 
during the experiment. Included are the final concentrations of ‘Control’ samples (non-inoculated water) and 
calculation of the minimum microbial contribution to the BDOM value (calculated as the percentage control 









Control Control Loss Min. Microbial 
 Hydro. Env. (mg C/L) (mg C/L) (mg C/L) (%) (mg C/L) (%) (%) 
Yellowknife Subsurface 84.2 69.7 14.4 17.1 78.2 7.1 10.0 
 Pond 36.0 32.7 3.3 9.2 33.9 5.9 3.3 
 Creek 15.9 13.9 2.0 12.7 14.7 8.0 4.7 
Daring Lake Subsurface 29.9 28.5 1.5 4.9 28.9 3.7 1.3 
 Creek (DAR 10) 5.1 3.8 1.4 26.5 4.4 13.9 12.7 
 Creek (DAR 8) 7.7 6.8 0.8 11.0 6.9 10.3 0.7 
Lake Hazen Subsurface 5.2 5.2 0.0 0.6 - - - 
 Lake 6.2 5.9 0.3 4.7 - - - 
 Seep 2.5 2.2 0.3 10.8 - - - 
 
Table 4.3: The proportion of total dissolved organic matter (DOM) loss and corresponding initial and percent 
change in DOM composition over the 30-day microbial incubation experiment.  DOM composition measures 
include specific UV-absorbance at 255 nm (SUVA), spectral slope between 275 and 295nm (S275-295), dissolved 
organic carbon to dissolved organic nitrogen molar ratio (DOC:DON), and specific absorption coefficient at 
420 nm (SAC420). 
  DOM Loss SUVA 
 S275-295  DOC:DON  SAC420  













Yellowknife Subsurface 17 7.7 13 1.3E-02 -1.6 56 -57 0.46 78 
 Pond 9.2 7.7 4.5 1.6E-02 1.0 44 -26 0.57 3.9 
 Creek 13 3.9 1.4 2.1E-02 4.2 31 -30 0.24 -9.9 
Daring Lake Subsurface 4.9 9.4 -3.1 1.3E-02 0.7 42 12 0.75 -5.0 
 Creek (DAR 10) 27 4.3 20 1.7E-02 -1.7 21 -21 0.31 34 
 Creek (DAR 8) 11 8.0 2.8 1.4E-02 1.1 29 -5.4 0.67 -3.6 
Lake Hazen Subsurface 0.6 6.7 -5.4 1.5E-02 4.6 28 -31 0.59 -23 
 Lake 4.7 4.3 1.4 2.5E-02 -2.2 28 -20 0.19 46 
 Seep 11 7.2 -1.2 1.6E-02 -3.0 13 0.2 0.58 13 
 
Table 4.4: Calculated linear, 1st-order, and Reactivity-Continuum (RC) model rates (k) with standard error 
(SE). Linear regression and Spearman rank correlations were used to determine the goodness of fit between 
the data and degradation models. RC Model parameters could not be computed for DAR8, Lake Hazen lake, 
and Lake Hazen seep. 
  Linear k 1st-order k Reactivity Continuum Model 
 Hydro. Env. 10-3 (d-1) SE (±) R2 10-3 (d-1) SE (±) R2 α (d) SE (±) v SE (±) Fit Initial k 10-3 (d-1) 
Yellowknife 
Subsurface 6.7 1.3 0.76 7.3 1.4 0.87 11.1 27.0 0.157 0.237 0.92 14.1 
Pond 3.7 0.8 0.58 3.9 0.8 0.87 0.8 0.2 0.026 0.002 1.00 33.9 
Creek 5.0 1.2 0.67 2.5 0.5 0.86 14.0 50.5 0.133 0.313 0.86 9.4 
Daring 
Lake 
Subsurface 1.8 0.3 0.74 1.9 0.3 0.87 9.3 17.1 0.035 0.039 0.91 3.8 
Creek (DAR 10) 9.9 2.3 0.34 11.2 2.5 0.80 0.7 1.4 0.072 0.045 0.93 99.0 
Creek (DAR 8) 3.4 1.1 0.44 3.6 1.2 0.68 -  -  - - 
Lake Hazen 
Subsurface 0.3 0.2 0.07 0.3 0.2 0.39 1.5 9.4 0.003 0.007 0.55 2.0 
Lake 1.3 0.3 0.72 1.3 0.4 0.91 -  -  - - 




Table 4.5: Matrix of Pearson moment correlation coefficients for dissolved organic matter (DOM), molar 
dissolved organic carbon to dissolved organic nitrogen ratio (DOC:DON), specific ultraviolet absorbance at 
255 nm (SUVA), spectral slope between 275 and 295nm (S275-295), proportion of biopolymers (BP), 
proportion of humic substances (HS), proportion of low-molecular weight neutrals (LMWN), biodegradable 
dissolved organic matter (BDOM), Reactivity-continuum model degradation rate (k – RC), linear degradation 























            
DOC:DON 0.91 1            
SUVA 0.40 0.43 1           
S275.295 -0.42 -0.35 -0.82 1          
SAC420 0.11 0.18 0.94 -0.83 1         
BP (%) -0.09 -0.16 -0.77 0.41 -0.76 1        
HS (%) 0.22 0.25 0.81 -0.48 0.77 -0.98 1       
LMWN (%) -0.11 -0.21 -0.67 0.31 -0.64 0.74 -0.77 1      
BDOM (%) 0.22 -0.02 -0.31 -0.12 -0.36 0.77 -0.70 0.69 1     
BDOM (mg 
C/L) 0.96 0.78 0.23 -0.37 -0.04 0.06 0.06 0.11 0.38 1 
   
k - RC -0.06 -0.14 -0.37 -0.01 -0.31 0.72 -0.65 0.61 0.78 0.02 1   
k - linear 0.27 0.05 -0.32 -0.13 -0.37 0.78 -0.70 0.67 0.99 0.41 0.81 1  











Figure 4.2: Changes to the overall concentration of dissolved organic matter (DOM; top panel) and 





Figure 4.3: Composition wheels for initial (thick line) and final (thin line) dissolved organic matter for 
different samples. Shaded red area means a loss in parameter over the experiment, whereas green represents 





Figure 4.4: Degradation rate (top row), biodegradable dissolved organic carbon (BDOC; middle row), and 
proportion of BDOC (bottom row) for different DOM compositional measures: specific UV-absorbance at 255 
nm (SUVA), spectral slope ratio between 275 and 295 nm (S275-295), molar ratio of dissolved organic carbon 
to dissolved organic nitrogen (DOC:DON), and specific absorption coefficient at 420nm (SAC420). Symbols 





Figure 4.5: Degradation rate (top row), biodegradable dissolved organic carbon (BDOC; middle row), and 
proportion of BDOC (bottom row) for different LC-OCD groups: biopolymers (BP), humic substances (HS), 
and low molecular weight neutrals (LMWN). Symbols represent different hydrological environments while 
colour represent geographic location. 
 
 
Figure 4.6: Percentage of biodegradable dissolved organic matter (BDOM) versus change in different 
compositional parameters after 30-day incubation: specific UV-absorbance at 255 nm (SUVA), spectral slope 
ratio between 275 and 295 nm (S275-295), molar ratio of dissolved organic carbon to dissolved organic 





Figure 4.7: Percentage of biodegradable dissolved organic matter (BDOM) versus the initial specific ultra-
violet absorbance at 255 nm (SUVA; left) and the overall change in SUVA during an incubation experiment 
(right) for data in this study (coloured) and across literature (grey dots). The literature data does not include 





Dissolved organic matter (DOM) is an important constituent regulating aquatic health and quality 
of drinking water resources.  For instance, DOM is known to absorb sunlight and regulate thermal 
regimes in surface waters, as well as act as an important microbial nutrient source55,57.  In terms of 
carbon cycling, DOM is an important intermediary in the transfer of terrestrial carbon to the 
atmosphere as a greenhouse gas.  The extent DOM reacts with its surroundings depends upon its 
concentration and composition.  Various organic carbon sources and processes encountered within 
a watershed can influence the mixture of organic molecules that comprise DOM49–51.  Increasing 
surface water DOM concentrations have been observed across the northern hemisphere 89,92 and are 
a concern for treatment of future water supplies102.  However, there is much less information on 
how DOM composition is changing under a warming climate141.  Hence, DOM concentration and 
composition are both important aspects of DOM that influence water quality. 
Northern environments are undergoing vast changes in response to a warming climate that 
directly influences ecosystem function and carbon cycling.  Permafrost degradation, increased mean 
annual air and subsurface temperatures, changes to lake ice, and changes to the timing and form of 
precipitation can alter carbon sources, rates of cycling, residences times, and flow pathways13,15,17–19.  
In particular, large reserves of carbon are currently immobilized within permafrost162,194, yet a 
warming climate, and the resulting environmental consequences, have the potential to release this 
carbon into surrounding surface water systems18,28,29,32.  This is of particular concern for many 
northern communities that rely on surface waters for fish and drinking water supplies as changes 
to the amount and form of DOM impacts ecosystem health and drinking water quality.  Quantifying 
the effects and rates of DOM degradation allow for a better estimation on how quickly these 
changes affect DOM reactivity. 
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Exposure to sunlight drives changes to DOM concentration and composition.  Photo-oxidation of 
DOM results in the production of different, lower molecular weight components or carbon dioxide 
(CO2)87,192,254.  Like any light-absorbing component, DOM absorbs among three spectral bands: 
ultraviolet (UV)-A (315-400 nm), UV-B (280-315 nm) and photosynthetic active radiation (PAR; 400-
700 nm).  Rapid attenuation of UV-radiation within the water column is due to both UV and PAR 
absorbing components255.  Differences in DOM composition result in different amounts of UV 
attenuation within surface waters131 and seasonal changes to DOM composition result in changes to 
DOM photoreactivity256.  For instance, DOM formed from in situ processes (autochthonous) are less 
susceptible to photolysis than terrestrial-derived DOM (allochthonous)84,254.  Aromatic components 
within DOM are the primary absorber of light in surface waters and have traditionally been thought 
to control the susceptibility of DOM to photolytic degradation100,257.  However, recent studies have 
determined that aromatic components control the rate of light absorption rather than predict the 
degree DOM will photo-oxidize when exposed to solar irradiation87,258.  Rates of DOM 
photodegradation are calculated using either 1st-order decay rates236,259 or apparent quantum yields 
that focus on the photoreactions and products formed per absorbed photon87,260.  Further, photolytic 
degradation rates are dependent upon the total amount of irradiation energy received rather than 
the instantaneous intensity 259.  Hence, monitoring DOM composition is important when 
quantifying the susceptibility of DOM to photo-degradation. 
  The degradation of DOM by sunlight is an important driver of DOM fate in northern surface 
waters.  Arctic environments are characterized by large numbers of shallow ponds and lakes that 
act as biogeochemical hotspots3,37,38 and provide ideal settings for photolytic DOM transformation.  
Chromophoric DOM (CDOM), defined as the part of DOM responsible for absorbing UV and PAR 
wavelengths, is more susceptible to photolytic degradation within northern freshwaters due to low 
bacterial respiration rates and the presence of shallow and unshaded surface waters99,113.  For 
instance, photochemical oxidation of DOM accounted for 70 to 95% of DOM processing within 
arctic freshwaters and was much higher than bacterial respiration99.  Although important for 
northern waters, photolysis is less important than microbial degradation on a global scale as a 
driver of CO2 emissions from lakes261.  Photolytic experiments have generally focussed on the 
mineralization of DOM into CO2; however, intermediate, photochemical-transformed products are 
also important as they may act, depending on the microbial community, as labile substrates for 
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microbial mineralization85,99,101.  Hence, surface waters in northern systems are important 
regulators of carbon cycling and drivers of DOM reactivity among these systems. 
A number of studies have quantified the importance of photolysis as a driver of DOM quality and 
fate within changing arctic systems.  Active-layer detachments into surface waters on Melville 
Island, Canada, resulted in DOM with enhanced biological and photolytic lability136.  Further, 
permafrost-leached DOM from Alaska was found to be more susceptible to photo-oxidation than 
DOM leached from the active-layer87.  Conversely, ancient permafrost-derived DOM in Siberian 
streams was not photolabile100.  Photolytic changes to DOM can also influence aquatic health.  
Enhanced photoproduction within high-DOM thaw ponds on Bylot Island, Canada, increased the 
ponds susceptibility to methylmercury photodemethylation262.  Most northern photolytic studies 
have focussed on Siberia100,108, Alaska85,87,99, Sweden261,263,264, and Quebec235,236, with few studies 
focussed on Canada’s vast arctic101,136.  Further, there is a need for temporal studies on DOM 
transformation to better understand the relative importance of different drivers of DOM fate264.  
The importance of photolysis in regulating the fate of northern DOM relies on differences in 
DOM composition.  Northern environments have the added complexity of a rapidly warming 
environment and an abundance of shallow surface waters. Understanding the rate of 
photodegradation would help quantify how quickly DOM changes with photolysis; however, few 
rates have been published especially for much of Canada’s sub-arctic and arctic. The objective of 
this paper was to quantify the rate and change in DOM due to photolysis across different 
hydrologic sites and ecoregions in Canada’s North. This was accomplished through three parts: 1) 
quantify photolytic degradation rates from different sites, 2) determine how photolytic degradation 
influences DOM concentration and composition, and 3) determine whether DOM composition 
influences overall DOM degradation rate. 
 
 
Samples were collected between June and July across three different arctic ecoregions: taiga shield 
(Yellowknife, NT), southern arctic (Daring Lake, NT), and northern high arctic (Lake Hazen 
Watershed, NU; Figure 5.1; Table 5.1).  From each location, bulk surface water was collected from 
the surface (<0.25 m) of creeks, lakes, and ponds, while subsurface water was collected from 
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previously installed PVC piezometers (Yellowknife, YK) or drive-point piezometers (Daring Lake, 
DL, and Lake Hazen, HZ) at the deepest extent of the active-layer (~0.5 m below surface).  Samples 
were filtered in-field to 0.45μm (Whatman GD/X 45mm), kept cool (<4ºC) and dark until the 
experiment could be conducted at the University of Waterloo.  For logistical reasons, Lake Hazen 
experiments were conducted at the field camp. 
Filtered water was placed inside of 3 or 5 L Tedlar bags (SKC Inc., USA) using a 1:1 ratio of water 
to air to ensure enough oxygen was available for DOM oxidation by photolysis.  All bags were 
placed in low-lipped white containers in full sunlight and surrounded, but not submerged, by water 
to minimize temperature fluctuations during the experiment.  ‘Light’ treatments were exposed to 
full sunlight while ‘Dark’ treatments were covered with aluminum foil to observe the final loss of 
DOM over the course of the experiment without sunlight exposure.  Bags were gently agitated each 
day to avoid anoxia and maintain a mixed sample. Samples were either taken before and after the 
experiment (YK) or every few days (DL and HZ), at which point the known volume of removed 
water was replaced with an equal volume of ambient air as to not create any pressure differences 
between air and water.  The amount of visible light over the duration of the experiment was 
quantified using a PAR sensor (HOBO, Hoskin Scientific) logging PAR measurements every 1-5 
minutes.  Cumulative PAR was calculated by averaging the PAR measurements over the logging 
interval, multiplying it by the time step, and adding it to the previous cumulative PAR value. 
Although PAR measurements were taken outside the bag, attenuation of UV-A and PAR by Tedlar 
bags has been shown to be minimal265. 
 
All samples were run for concentrations of dissolved organic carbon (DOC) and total dissolved 
nitrogen (TN) using a Shimadzu Total Organic Carbon (TOC-L) Combustion Analyzer with TNM-1 
module (precision of ±0.3 mg C/L; ±0.3 mg N/L). Dissolved organic nitrogen (DON) was calculated 
as the difference between TN concentration and sum of the inorganic-nitrogen species (nitrate, 
nitrite, and ammonium). Inorganic nitrogen species were measured using a SmartChem 200 
Automated Chemistry Analyzer (NO2- and NH4+ precision of ±0.1 mg N/L; NO3- precision of ±0.15 
mg N/L; Unity Scientific, MA United States). 
Absorbance of DOM was measured using a Cary 100 UV-VIS Spectrophotometer (Agilent, CA 
United States) at 5 nm increments from 200 to 800 nm. Deionized water was used to zero the 
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machine, and run intermittently during analyses to correct for baseline drift. The Naperian 





where A is the baseline-corrected absorbance at wavelength λ and L is the cell length (m). Specific 
absorption coefficients at 255 nm (SUVA), 350 nm (SAC350) and 420 nm (SAC420) were calculated by 
dividing aλ by the overall DOM concentration. 
Initial DOM composition was further characterized using liquid chromatography organic carbon 
detection (LC-OCD)75.  Briefly, the sample passed through a size-exclusion column (SEC; Toyopearl 
HW-50S, Tosoh Bioscience) and was separated based on hydrodynamic radii into five hydrophilic 
fractions defined by Huber et al. (2011)75.  Here we compare the proportions high molecular weight 
components (HMW; the humic substances fraction and ‘Building Blocks’) and low-molecular 
weight neutrals (LMWN). The precision for the LC-OCD is less than ±0.09 mg C/L for all fractions.  
Composition Wheels (CW) were used to compare differences in DOM composition over the 
course of the experiment (Chapter 3).  This method creates a polygon from four measures that 
relate to different DOM characteristics.  Values for each parameter were normalized to the 
maximum and minimum values encountered from a larger DOM dataset that encompassed various 
ecoregions across Canada.  The selected measures were DOC:DON (measure of DOM source and 
lability78), S275-295 (molecular size199), SUVA (UV-absorbing components71), and SAC420 (visible 
absorbing components and humics92). These specific measures provide information on different 
aspects of DOM composition, are easily measured, and are commonly used in other studies. 
 
Among northern-based photolytic experiments, the total loss in DOM concentration with 
cumulative irradiation has been used to represent the proportion of photolabile DOM and 
determine photodegradation rates100,101,236. One study defined photolabile DOM to be the difference 
between light and dark treatments, but did not calculate rates108.  Here the proportion of photolabile 
DOM is calculated as the amount of DOM lost within the Light treatment subtracted from DOM lost 
within the Dark treatment.  However, for comparative reasons, rate calculations are determined 
from total DOM loss in Light treatments only.  First-order degradation rates are quantified using 






where DOM represents the concentration of DOM of a sample (mg C/L), DOM0 is the initial DOM 
concentration, k is the first-order degradation rate constant (m2/E), and PAR is the cumulative PAR 
at that time (E/m2). A 0-order equation was used for samples with only two time points (initial and 
final): 
𝐷𝑂𝑀 = −𝑘 ∙ 𝑃𝐴𝑅 + 𝐷𝑂𝑀0 
The concentration of DOM lost after 500 E/m2 was calculated using the previously calculated linear 
or 1st-order degradation rate constants. This PAR value represented an average amount of solar 
radiation that all samples were exposed and allowed for the comparison of DOM lost to different 
locations with different cumulative PAR exposures. 
Statistical correlations between degradation rates and DOM composition measures were 
calculated using a Spearman rank correlation to better account for outliers and non-linear 
relationships.  All analyses were conducted in  R212. 
 
 
Initial DOM concentrations were highest from subsurface sites at YK and DL and lowest from YK 
and DL creeks and a HZ seep (Table 5.2).  Overall, YK contained higher DOM concentrations than 
either DL or HZ.  The range in DOM concentrations encountered were low at HZ (from 2.3 to 6.1 
mg C/L) compared to either DL or YK.  DOM concentrations at DL and YK were notably higher 
among subsurface sites than any of the surface water sites (Table 5.2).  Differences in DOM 
concentration reflect both a latitudinal gradient, with lower concentrations observed at northern 
sites, and between subsurface and surface water DOM. 
DOM composition varied among and across all three sampling locations (Figure 5.2). YK 
subsurface and pond samples were characterized by high DOC:DON, SUVA, and SAC420, and low 
S275-295.  Creek and river DOM at YK differed from subsurface DOM by having lower SUVA and 
SAC420 and higher S275-295.  Similar compositions between the DL subsurface and creek (DAR8) 
samples were identified by high SUVA and SAC420 compared to the other creek sample (DAR10).  
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DL samples contained lower DOC:DON than YK.  Similar to YK and DL subsurface samples, HZ 
subsurface contained higher SAC420 and SUVA than HZ lake.  HZ lake contained higher S275-295 than 
other HZ DOM, while DOC:DON values were similar across HZ samples.  Seep DOM from HZ 
closely resembled HZ subsurface except for the higher SUVA in seep DOM.  Surface water DOM 
composition varied across all three locations, yet subsurface DOM composition was similar across 
the three locations. 
 
Exposure to sunlight resulted in decreases to DOM concentration across most sites (Figure 5.3).  
Different total cumulative PAR amounts ranged between 290 to 1030 E/m2 as a result of conducting 
experiments in the natural environment rather than a solar simulator.  The highest proportion of 
total DOM loss across all sites was observed in subsurface samples (Figure 5.4).  The proportion of 
total photo-labile DOM ranged from 20-35% in subsurface samples to negligible loss in surface 
waters (Table 5.2).  Little difference in concentration between Light and Dark treatments were 
observed for YK river and all HZ samples, while DL creek (DAR10) concentration did not change.  
Although DOM decreased in the Dark treatments, for most sites photolysis in Light treatments 
generally lead to a greater loss of DOM.  Further, a subset of samples analysed for dissolved 
inorganic carbon (DIC) concentrations indicated higher DIC in the photolysed sample than either 
the original or dark (Appendix C).  Hence, changes to DOM concentration and composition are 
related to the influence of photolysis. 
Across all sites, subsurface samples contained higher 1st-order photolytic degradation rates than 
surface waters. Although all samples could be compared using linear degradation rates, with 
highest rates found from subsurface DOM (Table 5.3), photolysis is best represented using a 1st-
order rate equation.  Linear rates would over-calculate DOM loss at higher cumulative PAR values.  
Highest 1st-order DOM degradation rate constants were observed from DL subsurface (1.7 x10-3 
m2/E) and creek (9.6 x10-4 m2/E) and lowest from HZ surface waters (Table 5.3; Figure 5.4).  Similar 
photolytic degradation rates were found between YK and HZ subsurface samples. Comparing 1st-
order degradation to initial DOM composition identified strong relationships but no statistical 
significance with any compositional metric (Figure 5.5).  High 1st-order rates were observed from 
DOM with high values of SUVA and SAC420 or low S275-295.  Across all sites, subsurface DOM 
characteristics resulted in higher 1st-order photolytic degradation rates.  
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The amount of cumulative irradiation was normalized to compare the amount of DOM lost 
during photodegradation across sites.  The proportion of DOM lost after 500 E/m2 ranged between 
3.7 to 19% for most samples, except for DL samples that contained the highest proportions 
(subsurface: 58%; DAR8: 38%).  Higher DOM amounts were lost from sub-arctic subsurface DOM 
after 500 E/m2 (between 11.5 and 17.7 mg C/L; Table 5.3) while lower concentrations were lost from 
a YK river (0.2 mg C/L) and both HZ surface waters (lake: 0.5 mg C/L ; seep: 0.3 mg C/L).  
Comparison of initial DOM composition with proportion of DOM loss found strong, statistically 
significant correlations with S275-295 (ρ: -0.618, p=0.05), SUVA (ρ: 0.664, p<0.05) and SAC420 (ρ: 0.645, 
p<0.05), but no correlation with DOC:DON (Figure 5.6).  Size-based chromatography did not result 
in significant relationships between proportion loss and either HMW or LMW components, but a 
greater proportion loss was found from samples with high HMW DOM (Figure 5.7).  A similar 
result was observed between 1st-order rates and HMW and LMWN proportions, with higher rates 
associated to DOM with higher HMW proportions.  Thus, initial DOM composition can be used to 
predict the proportion and rate of DOM lost to photolysis. 
Photolysis resulted in similar changes to the overall composition of DOM across all sites.  Dark 
treatment samples contained compositions more similar to the original composition than the Light 
treatment, indicating changes to DOM due to photolytic degradation.  Final compositions had lower 
DOC:DON, SUVA, and SAC420, and higher S275-295 than initial compositions (Figure 5.8).  Similarities 
in the final DOM composition were observed among HZ samples, DL creek (DAR10), YK creek, and 
YK river.  These samples had high S275-295 and low SUVA and SAC420.  The effect of photolysis was 
similar across a variety of DOM compositions from different sites.  In some cases, photodegradation 
resulted in similar final DOM compositions regardless of initial DOM amount or composition. 
 
 
A number of samples with different DOM compositions all responded similarly to photolysis.  For 
instance, a suite of complementary measures simultaneously shifted towards a unique composition: 
increased spectral slope indicating loss of large, UV-absorbing components with a decrease to 
DOC:DON ratios (Figure 5.8).  Similarly, photolytic incubations of DOM from Southern Ontario 
surface waters266, boreal forest267, tundra thaw ponds101, and a Siberian river underlain by 
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continuous permafrost108 resulted in a decrease to terrestrial-derived humics, aromatics, and CDOM 
components, and an increase in protein-like fluorescence and LMW components.  Data from this 
study illustrates how photolysis results in predictable changes to DOM composition, regardless of 
initial composition, that results in a reduction to both the amount and heterogeneity of DOM 
within the environment. 
Sampling along a latitudinal gradient encompassed sites that were quite different in terms of 
vegetation and terrestrial sources of DOM.  However, as discussed earlier in Chapter 3, DOM 
composition is not that different across locations (i.e. subsurface looks like subsurface; Figure 5.2).  
In particular, subsurface sites contained a unique compositional signature across all locations, 
identified by higher compositional metrics than surrounding surface water DOM, and contained the 
most photo-labile components.  These environments form humic and aromatic terrestrial 
components that are light-sensitive84,136,254 contributing to higher concentrations of photo-labile 
DOM when exposed to light.  Although the high photolability of subsurface or terrestrial DOM has 
been observed in other northern systems136,209,263, we further show how surface water DOM with 
terrestrial-like signatures result in higher rates and proportions than other surface waters. For 
instance, YK pond, DL creek (DAR8), and HZ seep are similar to their respective subsurface DOM 
and were more photolytically labile than nearby surface water DOM (Figure 5.8).  Thus, we are able 
to characterize specific compositional metrics that relate to the degree of DOM photo-lability 
observed among different environments. 
 
A number of cumulative factors affect the overall rate of photolytic degradation within surface 
water systems.  Hydrology (such as mixing, surface water depth, and residence time), irradiation 
intensity (clouds and latitude), other suspended or dissolved constituents influencing attenuation 
coefficients (such as particulate matter or iron), and the amount and form of CDOM can all affect 
DOM photodegradation84,113.  Hence, experimentally derived rates of DOM decomposition may 
differ than what is actually found within the environment.  Although these factors were not in the 
scope of this study, our objective was to quantify the rate and interaction between photolysis and 




Quantifying degradation rate and proportion of photo-labile DOM in this study provided data for 
an area of the circumpolar north underrepresented in the literature.  Photolytic degradation rates 
are important to determine as they can be used to better predict the response of DOM and refine 
carbon flux estimates under various future climate scenarios.  The variability among subsurface and 
surface water 1st-order degradation rate constants (4x and 6x, respectively) provide a possible range 
of values to be used to model photolytic degradation in these systems.  Comparison of our results 
with reported values elsewhere are difficult due to differences in experimental design, such as use 
of natural sunlight versus solar simulators, or the amount of total irradiation.  Calculation of a 
photo-labile yield (the concentration of photo-labile DOM divided by the cumulative irradiation) 
across studies indicate lower yields from samples in this study compared to others (Table 5.4).  
Thus, DOM from these sites contain lower proportions of photo-labile components compared to 
other northern sites, but still exhibit some degree of photolability with degradation constants 
within a relatively constrained range. 
Photolysis can alter the composition of DOM with little influence on the overall DOM 
concentration, as was observed in DOM from HZ and a DL creek (Table 5.2; Figure 5.3).  For 
instance, DAR10 had little decrease in DOM concentration but its final composition reflected photo-
processing through increased spectral slope and decreased DOC:DON and SUVA values (Figure 5.8). 
Similarly, significant losses to UV-absorbing components with no change in fulvic and humic 
concentrations were observed during photolytic degradation of Alaskan stream and lake DOM268, 
while changes to CDOM were greater than changes in overall DOM concentration within Canadian 
thaw ponds101.  Further, photochemical processes were unimportant in terms of DOM cycling 
within an estuary along the Texas coast due to the lack of absorbing components and greater 
importance of biological processes within the system269.  Such changes are thought to result from 
photolytic changes to larger molecules without fully mineralizing these products into CO2209.  
Stubbins et al.100 found photo-modification of permafrost DOM to occur with little loss to DOM 
concentration, suggesting photo-induced cleaving of aromatics into non-coloured, non-aromatic 
DOM.  Changes to DOM composition that occur independently of its overall concentration 
highlight the importance of monitoring DOM characteristics that directly influence DOM quality 




Rates of photolytic degradation can be compared to microbial rates from Chapter 4 to elucidate the 
relative importance of these two drivers of DOM fate.  Although the rate constants contain different 
units, the proportion of DOM remaining after photolytic or microbial degradation can be compared 
after 30 days (Table 5.5).  Average daily PAR values for YK and DL were assumed to be 39.5 E/(m2·d) 
(eight year average from May to August at Daring Lake270) and 28 E/(m2·d) for HZ (ocean near 
south-eastern Ellesmere Island271).  Over the month, photolysis plays a greater role degrading and 
altering DOM composition.  However, attenuation of UV and PAR within the water column could 
alter the amount of processing within coloured or deep surface waters, altering the amount of DOM 
available for photolysis.  These experiments provide a way to quantify the impact of each 
degradation pathway separately, but in reality there is likely interplay between the two.  For 
instance, photolysis produces more labile components that would enhance microbial 
degradation85,101.  Regardless, these rates allow for the comparison of different drivers of DOM fate 
across a variety of DOM compositions. 
Although location was more important for microbial degradation than initial DOM composition 
(Chapter 4), we find DOM composition to be important for photolytic lability.  Similar changes in 
DOM composition were observed across locations and the proportion of DOM loss was predicted by 
initial SUVA or SAC420 values (Figure 5.6).  Further, not all metrics respond the same way and 
specific indicators of processing can be identified based on differences to the change in DOM 
composition.  Decreases to SUVA and SAC420 during photolysis are opposite to microbial-induced 
changes to DOM composition.  Further, S275-295 only responded to photolytic degradation, indicating 
that these measures are useful indicators of processes.  These results highlight the use of certain 
DOM composition metrics to discern processing history. 
DOM concentrations represent the largest difference among sites and can be important when 
considering carbon export.  The circumpolar north contributes large amounts of organic carbon to 
the Arctic Ocean relative to all other basins272.  Hence, the degree of processing among the 
terrestrial landscape will dictate organic carbon fate and reactivity in the ocean.  Our results found 
similar losses in the amount of DOM (after 500 E/m2) between hydrologic sites across geographic 
locations (Table 5.3); however, this loss comprised much more of a significant proportion of DL 
subsurface DOM than at YK.  The high arctic subsurface had comparable 1st-order degradation rates 
as YK subsurface DOM, yet the low overall loss in DOM concentration (between 0.4 and 1.1 mg C/L) 
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may make it a minor influence for downstream systems.  In terms of carbon export and cycling, 
subarctic and low arctic sites contain higher proportions of photo-labile carbon than the high arctic. 
The impact of changing DOM sources or solar UV radiation upon the environment are complex 
and can have significant and uncertain effects upon the fate of DOM in northern systems33,273.  
Coloured DOM has been observed to preferentially degrade in sunlight225,274; however, this is not 
always the case and may depend upon whether the system is dominated by ‘brown water’ or ‘clear 
water’ regimes264.  Dark water colour among certain Swedish lakes were found to be consistent 
across a seven-year record as CDOM-removing processes were too slow to result in measurable 
declines in water colour, suggesting some regimes may remain ‘brown’.  Alternatively, clear-water 
regimes were found in lakes where photochemical processing led to significant decreases in DOM 
and CDOM264.  The ability to predict how drivers of degradation alter DOM composition becomes 
increasingly important to quantify as the subsequent impact upon water transparency negatively 
affects fish, thermal regimes, and other important ecosystem processes that impact aquatic 
health55,56,275. 
A similar hypothesis proposed by Cory et al.113 focussed on ‘process’ rather than ‘regime’, finding 
photolytic loss of DOM to reflect either light-limited systems (high CDOM concentrations or low 
light exposure) or substrate-limited systems (high photolability or low CDOM concentrations).  Our 
results support this hypothesis as high concentrations and little change to the overall molecular 
weight of UV-absorbing constituents, as defined by S275-295, suggested YK and DL subsurface DOM 
may represent light-limited systems with high CDOM concentrations (Figure 5.8).  Conversely, YK 
creek, river and all HZ samples support substrate-limited systems due to large changes to DOM 
composition and low initial water colour.  Linking DOM composition with ecosystem functioning 
provides information on how these systems will respond to changing landscape drivers141.  Hence, 
characterizing DOM composition can help predict the susceptibility of a watershed to a changing 
climate in terms of DOM evolution and water clarity. 
 
A uniform response in DOM composition to photolysis was observed across all sites and was 
comparable to photolytic-induced changes to DOM reported in literature elsewhere.  In general, 
reductions in DOM concentration due to photolysis resulted in decreases to the molecular weight of 
UV-absorbing components, regardless of differences in initial DOM composition and concentration.  
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First-order photolytic degradation rates ranged from 1.6x10-4 m2/E in DOM from a high arctic lake 
to 1.7x10-3 m2/E in DOM from the tundra subsurface.  Initial DOM composition is an important 
determinant for the proportion of DOM loss due to photolysis.  Not all metrics respond the same 
way, with decreases to SUVA and SAC420 representing sensitive indicators of photolysis. However, 
compositional measures could not provide statistically-significant relationships to 1st-order 
degradation rate constants.  These results highlight how DOM with different compositions respond 
to photolytic degradation across a variety of ecoregions.  Differences in the magnitude of change 
among samples support the occurrence of light or substrate based systems that identify the 
dominant drivers of DOM fate within northern surface waters.  Quantifying the range in 
photodegradation rates with a suite of DOM characterization methods evidences the similarity in 
DOM response to photolytic degradation across different ecoregions in Canada’s arctic and the use 







Table 5.1: Site descriptions for each sample used in the photolytic experiment. 
Location Site Characteristics Sample Info 
Yellowknife 
62° 27’ 14”N, 114° 22’ 18”W; Taiga Shield High 
Boreal, landscape characterized by Precambrain 
bedrock outcrops, glaciolacustrine sediments, and 
peat plateaux; mean annual precipitation between 
280-360 mm; mean annual temperature between -3 
to -6C; trees consist of jack pine and aspen; 
underlain by sporadic discontinuous permafrost 
Subsurface 1 
(P2) 




~0.27 m.b.g.s; located ~40m away from 
Pond 
Pond 10300m2; surrounded by peat plateaux 
Creek 
Baker Creek, drains series of lakes on 
Taiga Shield 
River Yellowknife River, drains chain of 
lakes on Taiga Shield 
    
Daring 
Lake 
64° 31’ 29”N, 111° 40’ 24”W; Tundra Shield Low 
Arctic; mean annual precipitation 201-300mm; 
mean annual temperature -9 to -12C; fractured 
Precambrian granite and sedimentary bedrock with 
small eskers and erratics; above treeline, mesic 
heath upland to moist shrub lowland, underlain by 
continuous permafrost 
Subsurface Esker Lakes Basin 
Creek 1 
(DAR8) 
Peregrine Basin inflow to Daring Lake, 
longer lower section of lateral flow 
through shrub/meadow adjacent areas 
Creek 2 
(DAR10) 
Raven Basin inflow to Daring Lake, 
upland and topography, less organic 
plateaus and more exposure/retention 
in lakes 
    
Lake Hazen 
81° 49’ 30”N, 71° 19’ 26”W; Polar desert; bedrock 
consists of calcareous and dolomitic sandstone with 
igneous intrusions within the Grant Land 
Mountains; mean annual precipitation of <150mm; 
mean annual temperature -20ºC; heavily glaciated 
dominated landscape that also contains small, 
productive subcatchments in a thermal oasis; 
continuous permafrost 
Subsurface 
~0.25 m.b.g.s; productive meadow, 
underlain by mineral-rich sediment, 
next to 'Lake' 
Lake 14,400 m
2 and 4.5m maximum depth; 
samples taken near shore 
Seep 
Seasonal spring at relatively high 






Table 5.2: Changes in dissolved organic matter (DOM) concentration for the samples exposed to light (‘Final-
Photo’) and those that were not (‘Final-Dark’).  Calculation of photolabile DOM included the difference 
between light and dark treatments.  Included are the amount of cumulative photosynthetic active radiation 
(PAR) for each sample. 
  
DOM Total Loss Photolabile Cumulative 
PAR 
Location Sample Initial Final - Photo Final - Dark Prop. of DOM Prop. of DOM E/m2 
Yellowknife 
Subsurface 1 (P2) 83.6 58.3 75.2 30% 20% 1030 
Subsurface 2 (P5) 72.6 59.6 74.9 18% 21% 1030 
Pond 36.8 31.2 - 15% - 514 
Creek 15.6 12.8 - 18% - 514 
River 5.03 4.65 4.81 8% 3% 1030 
Daring 
Lake 
Subsurface 30.4 18.5 29.1 39% 35% 290 
Creek 1 (DAR8) 7.61 5.76 7.82 24% 27% 290 
Creek 2 (DAR10) 4.80 4.98 5.02 -4% 1% 290 
Lake Hazen 
Subsurface 5.28 4.17 4.39 21% 4% 619 
Lake 6.05 5.44 5.41 10% -1% 619 
Seep 2.29 1.93 2.06 16% 6% 619 
 
Table 5.3: Calculated linear and 1st-order degradation rates with standard error (SE) and model fit results. 
The loss in dissolved organic matter (DOM) after 500 E/m2 of irradiation is based on previously calculated 
degradation rates. Linear rates are used to calculate the loss after 500 E/m2 for those samples without 1st-order 
rates. 
  Linear k 1st-order k Loss after 500 E/m2 
Location Sample m2/E SE (±) R2 m2/E SE (±) Fit 
mg 
C/L Prop. of DOM 
Yellowknife 
Subsurface 1 (P2) 3.0E-02 3.0E-03 0.95 4.2E-04 3.3E-05 0.97 15.8 19% 
Subsurface 2 (P5) 1.3E-02 - - - - - 6.31 8.7% 
Pond 1.1E-02 - - - - - 5.45 15% 
Creek 5.5E-03 - - - - - 2.73 17% 
River 3.7E-04 - - - - - 0.18 3.7% 
Daring 
Lake 
Subsurface 4.3E-02 2.9E-03 0.98 1.7E-03 5.6E-05 0.99 17.7 58% 
Creek 1 (DAR8) 6.4E-03 1.0E-04 0.99 9.6E-04 6.4E-06 0.99 2.89 38% 
Creek 2 (DAR10) -4.3E-04 4.2E-04 0.53 - - - -0.21 -4.4% 
Lake Hazen 
Subsurface 2.0E-03 1.5E-04 0.94 4.2E-04 3.4E-05 0.97 1.00 19% 
Lake 9.4E-04 3.2E-05 0.99 1.6E-04 6.1E-06 0.99 0.47 7.8% 




Table 5.4: Percentages of total dissolved organic matter (DOM) from this study (Yellowknife (YK), Daring Lake (DL), Lake Hazen (HZ)) compared to published 
values in other northern environments.  Photolabile concentrations were included in brackets (calculated as loss of DOM in dark subtracted from the light 
treatment and divided by the initial DOM concentration). Only Mann et al. (2012) calculated photolabile DOM in a similar manner. Included are the methods 
of photolytic degradation, total amount of irradiation the sample received, and photolabile yield (the concentration of DOM lost divided by the total amount of 













Subsurface 1 (P2) 83.6 30 (20) Natural sunlight 1030 E/m2 1.6E-02 
This Study 
Subsurface 2 (P5) 72.6 18 (21) Natural sunlight 1030 E/m2 1.5E-02 
Pond 36.8 15 Natural sunlight 514 E/m2 - 
Creek 15.6 18 Natural sunlight 514 E/m2 - 
River 5.0 8 (3) Natural sunlight 1030 E/m2 1.5E-04 
DL 
Subsurface 30.4 39 (35) Natural sunlight 290 E/m2 3.7E-02 
Creek 1 (DAR8) 7.6 24 (27) Natural sunlight 290 E/m2 7.1E-03 
Creek 2 (DAR10) 4.8 -4 (1) Natural sunlight 290 E/m2 1.4E-04 
HZ 
Subsurface 5.3 21 (4) Natural sunlight 619 E/m2 3.5E-04 
Lake 6.1 10 (-1) Natural sunlight 619 E/m2 -5.7E-05 
Seep 2.3 16 (6) Natural sunlight 619 E/m2 2.1E-04 
Siberia 
Permafrost Thaw Stream 3 -3 Solar Simulator 6 E/m2 -1.6E-02 
100 
Stream (Y3) 24.4 40 Solar Simulator 6 E/m2 1.7E+00 
Stream (Y4) 21.4 28 Solar Simulator 6 E/m2 1.0E+00 
Pantileikha River 12.1 31 Solar Simulator 6 E/m2 6.6E-01 
Kolyma River Mainstem 4.8 26 Solar Simulator 6 E/m2 2.2E-01 
Kolyma River Main 8.6 to 13.9 12.2 to 29.9* Natural sunlight 14 days - 108 
Quebec 
Lac Simoncouche 6.3 12 Solar Simulator 1000 KJ/m2 - 
236 Chicoutimi 8.2 30 Solar Simulator 1500 KJ/m2 - 
Abitibi 11.1 21 Solar Simulator 2550 KJ/m2 - 
Bylot 
Island 
BYL1 8.5 3 Natural sunlight 0.119 E/m2 2.1E+00 101 BYL38 13.1 -4 Natural sunlight 0.119 E/m2 -4.4E+00 
84 
Table 5.5: Comparison of photolytic degradation rates with microbial degradation rates calculated in Chapter 
4 and the proportion of DOM remaining after 30 days of photolytic or microbial degradation. Average daily 
photosynthetic active radiation (PAR) values for Yellowknife and Daring Lake were assumed to be 39.5 E/(m2 
d) (eight year average from May to August at Daring Lake270) and 28 E/(m2 d) for HZ (ocean on south-eastern 
Ellesmere Island271). 






 Linear (d-1) 
1st Order 
(d-1) 
 Prop. After 30d Prop after 30d 
Yellowknife 
Subsurface 1 
(P2) 3.0E-02 4.2E-04  6.7E-03 7.3E-03  0.61 0.80 
Subsurface 2 
(P5) 1.3E-02 -  - -  0.79* - 
Pond 1.1E-02 -  3.7E-03 3.9E-03  0.65* 0.89 
Creek 5.5E-03 -  5.0E-03 2.5E-03  0.59* 0.93 
River 3.7E-04 -  - -  0.91* - 
Daring 
Lake 
Subsurface 4.3E-02 1.7E-03  1.8E-03 1.9E-03  0.13 0.95 
Creek 1 
(DAR8) 6.4E-03 9.6E-04  3.4E-03 3.6E-03  0.32 0.90 
Creek 2 
(DAR10) -4.3E-04 -  9.9E-03 1.1E-02  1.11* 0.72 
Lake Hazen 
Subsurface 2.0E-03 4.2E-04  3.4E-04 3.5E-04  0.70 0.99 
Lake 9.4E-04 1.6E-04  1.3E-03 1.3E-03  0.87 0.96 
Seep 6.1E-04 2.9E-04  3.4E-03 3.6E-03  0.79 0.90 









Figure 5.1: Locations of sampling sites and respective ecoregion 276 
 
 
Figure 5.2: Initial dissolved organic matter (DOM) Composition Wheel for all samples. Each axis is 
normalized for the maximum and minimum value for each parameter: molar DOC:DON, slope from 275 to 
295nm (S275), specific UV-absorbance at 255nm (SUVA), and specific absorption coefficient at 420nm 






Figure 5.3: The change in dissolved organic matter concentration (mg C/L) over cumulative photosynthetic 
active radiation (PAR; E/m2) for each site. 
 
 
Figure 5.4: The proportion of dissolved organic matter remaining with increasing cumulative photosynthetic 




Figure 5.5: Comparison of samples with 1st-order degradation rates to different measures of dissolved organic 
matter composition: a) molar DOC:DON, b) specific UV-absorbance at 255nm (SUVA), c) spectral slope 
between 275 and 295nm (S275), and d) specific absorption coefficient at 420nm (SAC420). Different shapes 




Figure 5.6: Comparison of the proportion of dissolved organic matter (DOM) loss after a set irradiation 
amount (500 E/m2) with initial DOM composition: a) molar DOC:DON, b) specific UV-absorbance at 255nm 
(SUVA), c) spectral slope between 275 and 295nm (S275), and d) specific absorption coefficient at 420nm 





Figure 5.7: Comparison of the proportion of DOM loss after 500 E/m2 (top graph) and 1st-order degradation 
rate (lower graph) for size-exclusion chromatography determined proportion of high molecular weight 
(HMW) and low-molecular weight (LMWN) components of dissolved organic matter. Different shapes 




Figure 5.8: Composition Wheels for each sample representing the initial composition (black), light treatment 
(orange) and dark treatment (blue). Dissolved organic matter composition is represented by molar DOC:DON, 
slope from 275 to 295nm (S275), specific UV-absorbance at 255nm (SUVA), and specific absorption coefficient 
at 420nm (SAC420). Each axis is normalized for the maximum and minimum value for each parameter. 




Dissolved organic matter (DOM) is a ubiquitous component across aquatic systems and an 
important factor influencing drinking water treatment and quality.  For instance, DOM influences 
drinking water taste, colour, and odour, and can stimulate microbial growth within water 
infrastructure65.  DOM is comprised of thousands of different organic molecules with differing 
structural and chemical characteristics that determine its overall reactivity.  Differences in organic 
source, residence time, and environmental processing can alter DOM reactivity along the aquatic 
continuum38,80,202, which can have an effect on drinking water treatment options, cost, and overall 
water quality.  Although Canadian guidelines do not state a maximum acceptable concentration for 
DOM, provincial governments have set specific concentrations for aesthetic values (between 2 to 5 
mg C/L) to maintain water colour, taste, and odour59,277.  However, DOM can react with other 
substances to form more toxic and problematic compounds. 
Organic matter can react with chlorine, a common disinfectant used in water treatment, to form 
various carcinogenic disinfection by-products (DBP)278,279.  DBP are commonly found within water 
treatment plants, with new and more toxic DBP being discovered as technology advances and 
detection limits improve280–284. Disinfection by-products encompass thousands of different 
compounds, some more carcinogenic than others, making it difficult to measure and regulate every 
known compound.  Thus, DBP are generally quantified and regulated using concentrations of the 
two most common groups: trihalomethanes (THM) and haloacetic acids (HAA).   
In terms of water treatment, DOM concentration has previously been used to predict DBP 
formation and chlorine addition285.  However, the reactivity between DOM and chlorine depends 
upon both the concentration and composition of DOM.  Seasonal changes to DOM composition 
result in varying THM concentrations286, while differences in DOM composition influence DBP 
formation rates287,288.  Quantifying variations in DOM composition found within the environment 
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could help identify waters susceptible to forming higher DBP concentrations.  Complex models 
have incorporated various components of DOM (UV-absorbance, fluorescence, and apparent 
molecular weight) to identify DOM precursors of THM formation68.  Low molecular weight (LMW) 
and UV-absorbing components of DOM can both be important for DBP formation287,289–292.  
Although UV-absorbing methods are popular, they do not account for DBP precursors with low-UV 
absorbing properties that can also be important predictors of DBP formation71,293.  Hence, DOM 
composition and the processes that alter DOM play an important role regulating DBP formation 
within water supplies. 
Shallow surface waters are a characteristic feature of arctic environments and act as important 
drinking water resources for many northern communities.  In particular, communities across the 
Northwest Territories (NT), Canada, rely primarily upon surface waters for drinking water sources.  
Three of thirty water treatment plants use only chlorination as their primary treatment option, 
while the majority of water treatment systems are Class I and II, and seven communities relying on 
Small Systems294.  Some communities rely on the use of water trucks to transport chlorinated water 
into large storage tanks within personal residences.  Although residual chlorine within treated 
water is required to ensure safe drinking water standards, there is a preference for non-chlorinated 
water in many northern communities, which in itself carries a risk of gastrointestinal illness295,296.  
Water treatment and storage within the NT involves various environmental, economical, and 
societal influences that may be exacerbated by a changing climate.     
Changes to hydrological processes and carbon cycling can alter DOM concentration and 
composition among northern surface waters.  Within the NT there is the potential for increasing 
active-layer thickness and permafrost thaw to mobilize large stores of previously-frozen carbon, 
solutes, and nutrients into surrounding surface waters132.  Increased surface water DOM 
concentrations have been observed across the northern hemisphere and are linked with increased 
terrestrial contributions34,297,298.  There is concern regarding changes to the amount and form of 
DOM within drinking water sources and its impact upon future water treatability102,298, especially in 
northern communities299–301.  Enhanced terrestrial DOM in surface waters could alter the amount of 
humics or UV-absorbing components, both thought to result in higher DBP formation.  As various 
drivers of DOM fate can have different influences on DBP formation302, it is important to better 
understand the relationship between DOM and DBP formation, providing better predictive abilities 
for northern water security. 
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The relationships between DOM composition, disinfection demand, and DBP formation are 
important when considering drinking water treatment options.  As a warming arctic may rapidly 
alter DOM sources and fate, simple characterization techniques that are able to predict DOM-DBP 
reactivity becomes increasingly important for monitoring changes to DOM within remote 
communities.  The overall objective of this study was to quantify how DOM composition relates to 
DBP formation across various hydrological sites in the NT.  This was accomplished with two 
specific objectives: 1) use NT water treatment plant records to assess the prevalence and range of 
DOM and DBP across NT communities, and 2) determine how differences in DOM compositional 
measures relate to concentrations of DBP (both THM and HAA).  Further, the impact of DOM fate 




Public water quality records for NT water treatment plants were obtained from online records 
found from the Government of Northwest Territories Water Quality Database 
(www.nwtdrinkingwater.ca/operations/water/water_raw.asp).  Samples were collected from various 
locations, including water treatment plants, water trucks, and local water taps (i.e., schools, hamlet 
offices, hotels; Appendix D).  Measures compiled were True Colour, DOM concentration, and THM 
concentration.  As no consistent data were available for the individual THM species concentration 
to convert to mg-C/L, the summation of THM species are in μg/L.  Data were sporadic but spanned 
from 1994 to 2015 for 31 water treatment systems.  Values outside of 1.5x the interquartile range for 
THM and DOM data were removed from the original dataset as major outliers were observed when 
compiling the data (i.e., THM of 60 mg/L). 
 
Samples were collected between July and October 2013 to 2016 from surface and subsurface waters 
across three locations in the NT: Yellowknife (YK), Wekweètì (WK), and Daring Lake (DL) (Figure 
6.1; Appendix D).  Yellowknife and Wekweètì are situated on taiga shield and are found in 
discontinuous and sporadic continuous permafrost zones, respectively.  Daring Lake is situated 
above the treeline in the southern arctic ecoregion, underlain by continuous permafrost.  Surface 
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water samples were collected ~0.25 m from the surface and filtered in the field.  All subsurface 
samples were collected from the deepest extent of the active layer above the permafrost boundary 
using either pre-installed PVC piezometers 0.50 m below surface (YK) or drive-point piezometers 
installed 0.25 to 0.50 m below surface (WK and DL).  Piezometers were purged by three pore 
volumes prior to sampling and water collected using a peristaltic pump.  All samples were filtered 




Concentrations of DOM (as dissolved organic carbon) and total nitrogen (TN) were measured using 
a Shimadzu Total Organic Carbon (TOC-L) Combustion Analyzer with TNM-1 module (precision of 
±0.3 mg C/L; ±0.3 mg N/L). Inorganic nitrogen species (nitrite, nitrate, and ammonium) were 
analyzed using a SmartChem 200 Automated Chemistry Analyzer (NO2- and NH4+ precision of ±0.1 
mg N/L, precision NO3- of ±0.15 mg N/L; Unity Scientific, MA United States).  Dissolved organic 
nitrogen was calculated as the difference between TN and the sum of inorganic nitrogen species 
and used to calculate molar DOC:DON.  DOM absorbance was measured using a Cary 100 UV-VIS 
Spectrophotometer (Agilent, CA, United States) at 5 nm increments between 200 to 800 nm. 
Deionized water was used to zero the machine, and run intermittently during analyses to correct 





where A is the baseline-corrected absorbance at wavelength λ and L is the cell length (m). Specific 
absorbance at 255 nm (SUVA) was calculated by dividing the absorption coefficient at 255 nm by 
the overall DOM concentration.  The slope (S275-295) of the log-transformed absorption coefficients 
was measured between 275 and 295 nm and is inversely related to molecular weight199.  DOM 
composition was also characterized using size exclusion chromatography (Liquid Chromatography 
– Organic Carbon Detection, LC-OCD75) run in the Department of Civil and Environmental 
Engineering, University of Waterloo. Briefly, the sample was diluted to within 1 to 5 mg C/L and 
injected through a size-exclusion column (SEC; Toyopearl HW-50S, Tosoh Bioscience) that 
separated DOM based on hydrodynamic radii into five hydrophilic fractions (from largest to 
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smallest): biopolymers (BP; polysaccharides or proteins), humic-substances like fraction (HSF; 
humic and fulvic acids), building blocks (BB; lower weight humic substances), low molecular weight 
neutrals (LMWN; aldehydes, small organic materials), and LMW-acids (LMWA; saturated mono-
protic acids).  Composition Wheels (CW) were used to compare differences in DOM composition, 
which uses four independent measures of composition (Chapter 3).  Each scale represented a 
measure of composition and normalized based on the maximum and minimum values encountered 
from a larger dataset encompassing various ecoregions across Canada. 
 
All disinfection by-product analyses were conducted at the Clean Water Laboratory, Civil and 
Resource Engineering, at Dalhousie University using Standard Methods for the Examination of 
Wastewater Method 5710 and HACH Method 8021.  Samples were first diluted to a range between 1 
to 10 mg C/L to obtain acceptable levels of chlorine addition and DBP formation.  Briefly, sodium 
hypochlorite was added to the samples until a chlorine residual of 1 ±0.4 mg/L at pH 8 remained 
after 24 h at 20ºC. At this point, the maximum amount of DBP have been formed.  Concentrations 
of THM and HAA were analysed using a Varian CP-3800 Gas Chromatograph equipped with a CP-
8400 Autosampler.  Total THM concentration (mg C/L) were calculated as the sum of 
bromodichloromethane, bromoform, chloroform, and dibromochloromethane concentrations in mg 
C/L.  Total HAA concentration (HAA; mg C/L) were calculated as the sum of chloroacetic acid, 
bromoacetic acid, dichloroacetic acid, trichloroacetic acid, bromochloracetic acid, dibromoacetic 
acid, bromodichloroacetic acid, chlorodibromoacetic acid, and tribromoacetic acid concentrations in 
mg C/L. 
 
Select samples were subjected to microbial (5 samples) and photolytic (3 samples) treatments.  
Microbial treatments were conducted by adding 120 mL of 0.45 μm-filtered sample to a series of 
acid-rinsed 220 mL glass bottles.  An inoculant (same sample but filtered to 1.7μm) was added (10% 
by volume) and bottles were gently mixed and left lightly capped to allow for oxygen exchange.  
Photolytic treatments were setup by filtering 2.5 L of sample to 0.45 μm, transferred into 5 L Tedlar 
bags (SKC Inc., USA), injected with 2.5 L of air, and exposed to 12 days of sunlight on the roof at the 
University of Waterloo.  Samples were then re-filtered to 0.45 μm and analysed for DOM 




Significance of correlation between variables was calculated using Spearman’s rank correlation 
using non-linear least squares (‘nls’ package) in R212.  Reported are both the correlation (ρ) and the 
p-value between the data and the non-linear least squares model. 
 
 
The presence of DBP and DOM were ubiquitous within NT water treatment systems regardless of 
water source or type of water treatment (Figure 6.2).  Measures of True Colour were, on average, 
similar across water sources and communities, while raw samples contained the highest values of 
True Colour (Figure 6.2a; Table 6.1).  DOM concentration among natural and treated waters ranged 
from 0.01 to 22 mg C /L with highest DOM concentrations found from lake sources (7.2 ±5.4 mg 
C/L; Figure 6.2b).  Lower DOM concentrations were found from communities using either rivers 
(4.3 ±2.6 mg C/L) or groundwater (5.7 ±3.3 mg C/L) as a water source.  The majority of water 
sources remained below the Canadian federal maximum acceptable concentration (MAC) for THM 
(0.1 mg/L; Figure 6.2c) and only 56 of 520 records exceeded this limit.  Large ranges between 
maximum and minimum THM concentrations were observed across all sites, with a range of up to 
0.15 mg/L at some communities.  No relationship between DBP and True Colour was observed 
(Appendix D); however, higher DOM concentrations generally had higher True Colour values 
(Appendix D).  Ratios of THM:DOM varied across communities with no apparent trend with water 
source or type of water treatment (Figure 6.2d).  Hence, treated water within the NT communities 
contained low but measurable concentrations of DBP and DOM at the sampling location, which 
varies from taps to plants at different communities. 
 
Samples from a variety of hydrological environments had a large range in both DOM (2.3 to 87 mg 
C/L) and DBP concentrations (5 to 317 μg C/L).  The amount of chlorine added to maintain a 
residual after 24 h varied with DOM concentration (Figure 6.3).  The lack of linear relationship 
between these variables indicates the specific chlorine demand (SCD; chlorine demand per unit of 
DOM) varied across samples.  DBP yields, the amount of DBP formed normalized to DOM 
concentration on a weight carbon basis (mg C-DBP : mg C-DOM), varied across various hydrologic 
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and geographic sites (Figure 6.4).  The largest range in THM yield was found from subsurface DOM 
(2 to 106 x10-4) while surface water DOM ranged between 5 to 77 x10-4.  Similar trends were found 
in HAA yields as subsurface DOM had the largest range (3 to 104 x10-4) while surface waters had 
yields between 11 to 91 x10-4 (Figure 6.4b).  Similar yields between THM and HAA were found for 
most samples except for higher HAA yields found from creeks, and lakes from DL and WK.  
Differences in DBP:DOM indicate that not all DOM produces the same amount of DBP.  Further, a 
significant relationship was observed between DOM concentration and C-THM (ρ=0.57, p<0.05) but 
not for C-HAA (ρ=0.46, p>0.05) concentrations (Appendix D).  The amount of chlorine added did 
not result in the same amount of DBP formed as DBP:Chlorine values varied across hydrologic sites 
(Figure 6.4c,d).  Although THM and HAA produce similar yields, a large range of values were 
observed across hydrological sites.  Subsurface and lake DOM contained the largest range in 
THM:Chlorine (Figure 6.4c).  Differences in DBP:Chlorine values indicate the amount of chlorine 
added is not a good predictor of overall DBP concentration. 
Measures of DOM composition were significantly correlated to the concentration of DBP formed.  
SUVA values covered a wide range from 2.4 to 10.3 L/(mg·m) with high-SUVA samples forming 
high DBP concentrations (Figure 6.5a).  Spectral slopes ranged from 1.20x10-3 to 2.48x10-3 nm-1 and 
were highest in a YK river and lakes from WK and DL (Figure 6.5b).  The HSF comprised the 
majority of DOM for most samples with highest proportion found from YK and WK samples (Figure 
6.5c).  Across all sites, subsurface DOM contained the highest HSF proportion.  Measures of 
DOC:DON ranged from 23 to 62 and were not correlated with DBP concentration (Figure 6.5d).  A 
significant positive correlation was found between DBP concentrations and SUVA, while a 
significant negative correlation was found for S275-295.  Both THM and HAA had similar trends 
across most measures of DOM composition.  Concentrations of HAA were more strongly correlated 
with measures of SUVA and S275-295 than THM.  Although some measures were auto-correlated 
(namely S275-295 and SUVA; Appendix D), DOM compositional measures provided better predictive 
capabilities of DBP formation than DOM concentration. 
Composition Wheels provide an efficient tool to integrate various measures and visualize 
differences in DOM composition (Figure 6.6).  Highest DOM and DBP concentrations were observed 
from WK subsurface and YK pond DOM, characterized by high SUVA and HSF.  Alternatively, 
Composition Wheels with low SUVA, HSF, and high S275-295 resulted in the lowest DBP 
concentrations, as seen by YK River, DL creek (DAR11), and WK lake (WK6).  Comparison of 
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various DOM samples by similar hydrological environment found similarities in subsurface DOM 
composition across locations.  Lake DOM composition differed between WK and DL as WK lakes 
plotted more closely with subsurface samples.  WK and DL lakes with similar Composition Wheels 
to subsurface samples also contained higher DBP concentrations.  Assessing DOM composition 
using a suite of quasi-independent types of measures identified DOM composition that had a higher 
propensity to form higher DBP concentrations. 
 
Degradation experiments were used to quantify how DBP formation was influenced by changes to 
DOM concentration and composition. DOM loss in a 30-day incubation experiment resulted in a 5 
to 22% decrease in DOM concentration while photolysis resulted in a 8 to 30% decrease (Table 6.2).  
All five microbial treatments increased THM:DOM ratios after 30 days.  Conversely, THM:DOM 
ratios had either no change or a slightly decreased during photolysis (Figure 6.7).  Microbial 
degradation decreased the amount of chlorine needed per molecule DOM for all samples except the 
two subsurface sites.  Photolysis decreased the amount of chlorine needed per molecule DOM for 
the single river sample but increased the ratio for both subsurface samples (Table 6.2).  DOM loss in 
both experiments was accompanied by a compositional change of DOM. Microbial degradation 
resulted in increasing SUVA values and altered DOC:DON, but had little change to other DOM 
compositional measures (Figure 6.8).  LC-OCD analyses were not completed on two samples and 
thus HSF data were not included.  Photolysis greatly altered subsurface composition, as seen by 
decreased SUVA, proportion of HSF, and DOC:DON, and increased S275-295.  However, little 
compositional change was observed from photolysis of YK River DOM.  Subsurface DOM 
composition wheels subjected to photolysis appeared similar to the Composition Wheel of YK 




Low concentrations of DBP in treated water indicate that although these constituents are present in 
most systems they pose little concern for human consumption at point of testing.  Differences in 
handling and methodology, such as storage times, point of sampling, different analytical 
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laboratories, and time left to react, can all influence the amount of DBP formed making 
comparisons among sites difficult.  For instance, DOM and DBP can differ within a community 
depending upon where the sample was taken (Appendix D).  Comparison with other reported 
values provide an indication of how concentrations of DBP and DOM within NT water systems 
relate to other water treatment systems.  Alaskan water treatment plants had similar DOM 
concentrations but higher True Colour and DBP concentrations compared to NT systems282.  Water 
treatment systems in the NT contained the lowest DBP yields across various published laboratory 
values and water treatment plants in Scotland and Alaska282,290 but were relatively similar to 
treatment plants in North Carolina280.  The variability and low DBP concentration among NT data 
could result from post-treatment handling, making it difficult to directly compare results to other 
studies.  Regardless, municipal water quality data indicates DBP and DOM to be variable but 
ubiquitous across the NT. 
The discrepancy in DBP concentrations between field data and the NT water quality database 
likely reflects the analysis of post-treated samples among the NT water quality database.  Although 
field samples contained DBP concentrations significantly above the MAC, they represent untreated 
samples directly from the environment and not drinking water from the tap.  Pre-treatment of 
drinking water, such as by ozone or chlorine dioxide, is known to lower both DOM and THM 
concentrations287.  NT communities rely on filtration or conventional (coagulation, flocculation, 
sedimentation, and filtration) steps to treat water294.  Although concentrations are different, 
relationships found between DOM and DBP based on field samples provide field-based relationships 
to identify DOM susceptible to higher DBP formation in similar waters.  Further, field samples are 
needed to supplement the NT water quality database by providing true chlorine consumption and 
DBP formation as there are no data on the amount of chlorine needed to form the residual. 
Chlorine consumption results from both organic and, to a lesser extent, inorganic constituents 
such as ammonia, halides, iron, manganese, and sulphur303 but DBP production can only result from 
the interaction with organic matter.  For northern communities, chlorine consumption directly 
affects cost due to the amount of chlorine required to produce safe drinking water.  The range 
encountered in SCD and DBP:Chlorine across sites indicate there are factors that control chlorine 
consumption but do not produce DBP (Figure 6.3, Figure 6.4).  The range in DBP:DOM (Figure 
6.4a,b) illustrate that different mixtures of DOM influence the formation of DBP, as well as the 
consumption of chlorine.  No relationship was observed between DBP production and DOM 
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concentration within Alaskan treatment plants282, yet our results did find a correlation with DBP 
concentration on a per-carbon basis, rather than by summation of individual weights of THM 
species (Appendix D).  Long-term records of NT water sources illustrate the presence of DBP and 
DOM within treated northern water supplies, but these measures may not be effective to properly 
predict or monitor changes to chlorine consumption and DBP formation in the north.  Thus, 
measures of DOM composition, which are not reflected by the overall DOM concentration, are 
required to accurately forecast changes to future water treatability.   
Differences in concentrations of DOM, DBP, and True Colour across NT water treatment plants 
suggest not all DOM is the same among water sources.  DOM can be a major contributor to overall 
water colour as True Colour of lake water has been found to be a good predictor of long-term DOM 
concentration among boreal lakes304.  This attribute reflects differences in the type, or composition, 
of DOM.  The lack of relationship within the water quality records between DOM concentration 
and DBP (Appendix D), as well as the lack of linear relationship between DOM and chlorine (Figure 
6.3), reflect the importance of quantifying differences in both the amount and composition of DOM.  
Both field and community water quality data show a good relationship between DOM and colour 
(Appendix D), indicating the importance of DOM composition.  Hence, DOM composition must also 
be important for chlorine consumption and DBP formation when considering a variety of water 
sources with different amounts and forms of DOM. 
 
Watershed characteristics can dictate the composition of DOM due to various DOM sources and 
processing mechanisms72,236,305.  Unique DOM compositions or ‘signatures’ can be used to predict 
the susceptibility of drinking water to DBP formation by identifying components susceptible to 
DBP formation288.  Further, understanding how composition changes temporally or spatially would 
allow for a better prediction to future DBP formation.  Certain Composition Wheels of samples 
were representative of a terrestrial-like DOM signature observed across arctic systems: higher 
humic and SUVA values and lower S275-295 34,80,81,244,245 (Figure 6.6)  These samples also contained 
high concentrations of DBP.  Conversely, lakes with aquatic or photobleached signatures (lower 
DOC:DON, high S275-295, low SUVA) contained the lowest DBP concentrations.  Humics have been 
associated with high DBP formation68,278, yet all DOM contains some proportion of humic 
substances (Figure 6.6) thus a single measure is not sufficient to predict DBP formation.  Our results 
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indicate that surface or subsurface DOM defined by low S275-295, high HSF, and high SUVA, 
characteristic of terrestrial-like DOM, are susceptible to forming high DBP concentrations. 
Differences in DBP concentrations are influenced by variations in both UV and non-UV 
absorbing components of DOM.  Strong correlations previously observed between DBP 
concentration and UV-absorbance components282,289 were also observed here (Figure 6.5).  Similarly, 
the proportion of HSF were positively correlated to THM concentrations (ρ=0.47, p=0.07) indicating 
HSF or UV-absorbing measures would provide similar estimates of DBP concentration.  Positive and 
similar correlation coefficients between DBP concentration and either simple or complex DOM 
characterization techniques were observed in DOM among Scottish water treatment plants290.  This 
is also found in this study as more complex methods, such as LC-OCD (Figure 6.5), also provide 
similar information to more simple UV-absorbing techniques.  Further, UV-absorbing techniques 
may better predict HAA than THM formation (Figure 6.5). Thus, the use of relatively simple DOM 
composition measures are better to use as a simple tool to monitor changes in DOM composition, 
ultimately providing an indication of the effect upon DBP formation within NT water sources. 
Processing of DOM within the landscape will influence the ability of DOM to consume chlorine 
and produce DBP.  Microbial and photolytic degradation experiments provided DOM degradation 
compositions representative of enhanced processing and its ability to further form DBP.  Photolytic 
formation of  LMW compounds have been reported to increase chlorine demand and DBP 
formation on a weight basis of DOM287,292.  However, in our experiments, although there was a shift 
towards LMW UV-absorbing components as seen by the increase in S275-295, the DBP:DOM 
remained relatively constant (Table 6.2; Figure 6.7).  Further, photolytic degradation had different 
effects on DBP based on the original DOM composition (Table 6.2).  Although a loss in overall DOM 
concentration was observed, changes to DOM composition resulted in differences in DBP:DOM, 
implying photolytic degradation does not necessarily relate to decreased DBP formation.  
Conversely, microbial degradation resulted in higher THM:DOM values.  This is similar to a study 
into the biodegradation of plant leachates that resulted in higher DBP-forming components 
remaining in recalcitrant DOM components306,307.  Hence, the continual evolution of DOM that 
result in changes to DBP:DOM along the aquatic continuum has important implications for 




In terms of treatment options, our results indicate higher DBP concentrations were formed from 
HMW and aromatic DOM, which are characteristics of DOM that is easily removed via coagulation 
and flocculation64.  Water treatment plants in the NT are being upgraded to avoid chlorine-only 
systems, introducing more filtration and coagulation294.  However, increases to both DOM and 
coagulant would generate more waste that would need to properly disposed of65.  Although changes 
to DOM concentration and composition can complicate its removal, these results suggest that 
surface water sources from similar environments in the NT may be easily treated by conventional 
methods, helping to reduce DBP formation within drinking water sources. 
Our results indicate that biodegradation can result in higher DBP formed per carbon molecule in 
DOM, which can influence water quality within both drinking water sources and infrastructure.  
Laboratory studies have identified organic matter produced from algal exudates to produce 
significant levels of DBP308.  Expected increases to mean annual air and subsurface temperatures, 
enhanced mobilization of solutes and nutrients from degrading permafrost, and longer ice-off 
periods, could promote the eutrophication of shallow ponds and lakes34,116,132,155,309,310 and lead to 
increased autochthonous DOM production.  Both photolysis and microbial degradation are the 
main drivers of DOM fate, with photolysis being important for shallow lakes99.  The importance of 
the balance between these two drivers can have significant effects upon DBP formed from the 
resulting DOM, as photolysis resulted in lower production of THM per amount of DOM than 
microbial degradation (Table 6.2). Quantifying the role and relative importance of biodegradation 
on DOM in northern surface waters will be an important component of northern water security in 
terms of DOM and DBP formation.  
Storage and transportation of treated water in northern communities can have implications for 
DBP within drinking water sources.  Long storage times and trucking of chlorinated water may lead 
to the degassing of THM311,312.  The more carcinogenic HAA may have the potential to remain in 
solution due to its high polarity and low volatility.  Further, storage of drinking water in large 
containers within houses and lack of routine cleaning can lead to the growth of biofilms and other 
contaminants301,313.  The growth of biofilm within water infrastructure can lead to both the 
consumption of DOM and production of microbially-derived DOM, which can contribute to 
chlorine consumption and DBP formation outside of the water treatment plant314.  The communities 
of Rigolet and Nain in Nunatsiavut, Labrador, Canada, consistently found low levels of free-chlorine 
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within drinking water sources300, hence there is the potential for DOM produced from biofilm to 
react with the residual chlorine within water supplies and form additional DBP.  
Different climate scenarios projected for a warming Arctic can lead to various responses in terms 
of DOM fate and export.  In particular, DOM concentration and composition would be influenced 
by changes to hydrologic pathways and residence times within the watershed15,18,28,29,80 ultimately 
affecting the propensity of DOM to form DBP.  For instance, higher concentrations of terrestrial-
derived DOM from permafrost thaw into surface waters34 would result in the need for higher 
chlorine additions and higher DBP concentrations in systems with minimal pre-treatment.  Longer 
transit times in organic-rich subsurface environments could enhance microbial degradation of 
organic matter and result in DOM with higher DBP yields.  Alternatively, longer ice-off periods in 
shallow northern ponds and lakes could enhance photolytic degradation of DOM as sunlight in 
shallow northern water systems can process the majority of DOM99.  Photolysis may provide 
‘natural remediation’ in terms of DBP formation as irradiation would lower DOM concentrations 
and break down terrestrial components into lower molecular weight molecules or CO2 87,101,199.  
These results highlight the importance of the relationship between DOM and both chlorine 
consumption and production of DBP when considering projections of future drinking water 
supplies and treatment options in the NT. 
 
Low concentrations of DBP are ubiquitous across various water treatment plants in the NT.  DOM 
composition from three different locations in the NT indicate not all DOM is the same and certain 
measures of composition reflect DBP formation better than overall DOM concentration.  DBP 
concentration was not easily predicted by either the amount of DOM or amount of chlorine added.  
We find high molecular weight, aromatic, humic-like DOM to produce higher DBP concentrations.  
Use of Composition Wheels with DBP formation provided a tool to identify aquatic environments 
susceptible to forming higher DBP concentrations.  Hence, DOM from subsurface environments, or 
terrestrial-like DOM in surface waters, are at a higher risk to form high DBP concentrations within 
chlorinated water sources without any pre-treatment.  Although impossible to predict the response 
of northern systems to a warming climate, our results highlight the importance of DOM 
composition and use of simple UV-absorbing parameters to monitor relevant changes to DOM 
composition.  Changes to DOM composition due to biodegradation are of great concern as higher 
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DOM:DBP yields were found, while photolytic degradation of DOM could help reduce the amount 
of chlorine needed to treat water sources.  Impacts of DBP, DOM, and future water treatment are 
not only approached with technical or engineered solutions, but are also greatly influenced by 
cultural and socio-economic factors of northern communities.  The evolution of DOM composition 
through out the aquatic continuum presents itself as a dynamic determinant of drinking water 













Table 6.1: Summary of True Colour, concentration of dissolved organic matter (DOM), and total 
trihalomethane (THM) concentration compiled from public drinking water quality records for communities of 
the Northwest Territories for both treated and raw waters separated by source water.  Parameters include 
number of samples (n), maximum, minimum, average, and standard deviation for each parameter per 
hydrological environment. 
  True Colour (TCU)   DOM (mg C/L)   Total THM (mg/L) 
TREATED n Max Min Avg SD  n Max Min Avg SD  n Max Min Avg SD 
Groundwater 57 20 2 7 4  22 14.0 0.5 5.7 3.3  44 0.150 0.002 0.030 0.036 
Lake 169 457 0 13 38  101 22.0 0.2 7.2 5.4  273 0.159 0.000 0.051 0.042 
Reservoir             1 0.040 0.040 0.040 NA 
River 74 70 2 16 15  67 11.2 0.0 4.3 2.6  142 0.140 0.001 0.039 0.029 
                  
RAW                  
Groundwater 29 35 2 16 10  4 8.6 5.0 7.4 1.6  8 0.110 0.001 0.020 0.038 
Lake 111 111 1 19 23  76 22.0 1.6 10.2 5.3  28 0.085 0.000 0.032 0.024 
Reservoir 5 12 3 7 4  5 7.6 5.0 6.5 1.0  1 0.005 0.005 0.005 NA 
River 123 864 2 14 78   34 18.9 0.6 5.4 4.3   24 0.075 0.001 0.010 0.020 
 
Table 6.2: Changes to dissolved organic matter (DOM) concentration, trihalomethane (THM) yield 
(THM/DOM), THM concentration, and ratio of chlorine demand to DOM from microbial and photolytic 
degradation experiments. 
 DOM (mg C/L)  THM/DOM  THM (mg C/L)  Chlorine / DOM 
Sample Initial Final % Change  Initial Final  Initial Final % Change  Initial Final 
MICROBIAL              
YK Subsurface 86.7 69.7 -20%  0.00612 0.00739  0.53 0.51 -3%  1.04 0.80 
YK Pond 36.8 32.7 -11%  0.00662 0.00886  0.24 0.29 19%  0.48 0.58 
YK Creek 17.8 13.8 -22%  0.00079 0.00447  0.01 0.06 339%  0.41 0.38 
DL Subsurface 29.9 28.5 -5%  0.01059 0.01087  0.32 0.31 -2%  0.64 0.26 
DL Creek 7.7 6.8 -11%  0.00306 0.01078  0.02 0.07 213%  0.34 0.50 
              
PHOTOLYSIS        
YK Subsurface 8.4 5.8 -30%  0.00369 0.00372  0.031 0.022 -30%  2.17 3.50 
YK Subsurface 2 7.0 6.0 -15%  0.00723 0.00596  0.051 0.036 -30%  2.07 2.18 






Figure 6.1: Field sampling locations for Yellowknife, Wekweètì, and Daring Lake in the Northwest 





Figure 6.2: Public water quality records for various communities across the Northwest Territories for treated 
(solid circles) and raw (open circles) for different water sources (lakes, streams, groundwater, reservoir) 
represented by different colours.  Sampled parameters include: True Colour (True Colour Units), dissolved 
organic matter (DOM; mg C/L) concentration, total trihalomethane concentration (THM), and THM yield. 
Description of water treatment plants are included and represented by a colour bar on the x-axis. The line on 





Figure 6.3: Concentration of chlorine added to create a potential residual concentration after 24h versus 
dissolved organic matter concentration (DOM). Solid dots represent samples that achieved the residual 





Figure 6.4: Ratio of formed trihalomethane (a) and haloacetic acid (b) concentration per dissolved organic 
matter (DOM) concentration, and ratio of trihalomethane (c) and haloacetic acid (d) to added chlorine for 
different hydrologic environments.  Colours represent the different sites (Yellowknife (YK), Wekweètì (WK), 





Figure 6.5: Disinfection by-product (DBP) concentration versus various measures of dissolved organic matter 
(DOM) composition that include specific UV-absorbance at 255nm (SUVA; a), slope between 275 and 295nm 
(S275-295; b), proportion of humic substances fraction (HSF; c), and ratio of dissolved organic carbon to 
dissolved organic nitrogen (DOC:DON; d). Shapes represent various hydrologic environments while colours 
represent different geographic locations.  Grey lines illustrate the line of best fit with the degree of correlation 




Figure 6.6: Various Composition Wheels with associated overall dissolved organic matter concentration (DOM; mg C/L), amount of chlorine added (mg/L), 
concentration of trihalomethanes (THM; mg C/L) and concentration of haloacetic acids (HAA9; mg C/L).  Different axes represent normalized values for 
DOC:DON (top left), S275-295 (top right), SUVA (bottom right), and proportion HSF (bottom left). Groupings are based on hydrological environment and 




Figure 6.7: Ratio of trihalomethane (THM) to dissolved organic matter (DOM) concentration for microbial 
(left panel) and photolytic (right panel) degradation. 
 
 
Figure 6.8: Composition Wheels illustrating the difference between original (dark line) and final samples for 
microbial (green) and photolytic (orange) degradation experiments.  Different axes represent normalized 





This thesis illustrates how dissolved organic matter (DOM) from the taiga shield to northern arctic 
differs across surface and subsurface systems in terms of DOM composition and response to 
microbial and photolytic processing.  Integrating the results from Chapters 3, 4, and 5 provides a 
basis to categorize similarities in DOM composition, using Composition Wheels (CW), based on 
location and processing characteristics.  The objective of this brief synthesis is to combine 
information generated across the previous chapters to form a conceptual diagram depicting the 
evolution of DOM composition along a flow path in the Northwest Territories (NT).  The formation 
of this simplistic conceptual diagram of DOM evolution in the NT uses the idea that DOM 
composition reflects dominant source and processing characteristics, similarly to studies that have 
found DOM intrinsic properties to dictate DOM persistence in the environment81. In addition, 
process-based changes to DOM composition (Chapters 4 and 5) can be used to predict the evolution 
of DOM concentration and composition among different hydrological sites. 
In this synthesis, the overall amounts of DOM are compared across the aquatic continuum to 
understand how DOM quantity evolves across the landscape.  Then, DOM composition and lability, 
based on laboratory experiments, are compared to discern similarities and differences across 
different DOM samples.  Differences in DOM concentration and composition will be used to form a 
conceptual diagram and compared to a well-defined flow path in the northern arctic to test the 
applicability of the framework to a system with greatly different climate and vegetation. 
 
Flow along the aquatic continuum originates from the subsurface and flows out of the watershed 
via creek or river.  Differences in the overall amount of DOM are found along this flow path.  High-
organic peat plateaux samples in Yellowknife (YK) had the highest DOM concentrations (up to 273 
mg C/L) while Daring Lake (DL) lakes (6.1±2.8 mg C/L, n=7) have the lowest average concentration 
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(Figure 7.1).  DOM concentrations are highest from subsurface sites across all ecoregions, and 
decline along the aquatic continuum (Figure 7.1).  Subsurface DOM concentrations from continuous 
permafrost (Wekweètì (WK) and DL) have lower concentrations than YK, but are higher than 
surrounding surface waters at each location.  The highest surface water DOM concentrations are 
observed in YK ponds (34.0±2.4 mg C/L, n=2), while the lowest is from a DL creek (2.1 mg C/L).  YK 
has higher surface water DOM concentrations than either WK and DL.  Hence, a wide range of 
DOM concentrations are encountered not only across a latitudinal gradient in the NT, but also 
across a relatively small spatial scale within each ecoregion. 
Photolytic and microbial degradation experiments were used to quantify the magnitude of 
change across different measures of composition (Chapters 4 and 5).  Although initial DOM 
composition are not strong predictors of microbial degradation rate, changes to composition can be 
used to quantify the effect of both microbial and photolytic degradation.  The amount of DOM lost 
and changes to composition resulting from photolysis are consistent across different sites with 
different DOM; however, microbial degradation is more dependent upon location characteristics 
and may differ depending upon host microbial consortia or availability of nutrients. For this reason, 
the average percent change between the final and initial SUVA, S275-295, SAC420, and DOC:DON 
across all samples are plotted, along with the largest percent increase and decrease observed (Figure 
7.2), providing a range of DOM change that is expected for DOM in similar environments.  In 
particular, degradation Composition Wheels show that the loss of non UV-visible absorbing 
components and decrease to DOC:DON would be the most notable changes resulting from 
microbial degradation.  Conversely, photolysis results in a notable increase to S275-295 and a net 
decrease in all other composition measures.  Changes to DOM composition differ between 
photolytic and microbial degradation in ways that allow for the identification of DOM that has been 
previously altered due to photolysis. 
 
Three distinct end-member groups can be defined based on similarities in DOM compositional 
metrics to literature, hydrologic sources, and degradation experiments.  First, DOM compositions 
were grouped into three sections based on how similar each CW was and whether they contained 
characteristics similar to the final degradation DOM CW.  This divided the composition into 
terrestrial, intermediate, or photolytic groups (Figure 7.3).  The mixture of molecules that comprise 
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DOM at the point of sampling is dependent upon its source, degree of processing, and hydrologic 
mixing.  For this reason, a plot that allows various combinations of sources and characteristics is 
used to portray variations in DOM composition.  This approach is not able to determine the exact 
source or amount of processing required to produce each individual DOM sample; rather, this 
dataset provides the first step to understand whether DOM differs across landscapes and whether 
these differences can be used to understand DOM evolution along the aquatic continuum. 
Categorization of CW into these three groups was used to help constrain the end-members found 
on the DOM conceptual diagram. 
 
Subsurface sites are important sources of organic matter within the NT as they contain much 
higher DOM concentrations than downstream surface water systems.  Further, the unique signature 
of subsurface CWs are easily identified by the presence of large, humic, aromatic components. 
These characteristics have been used to define terrestrial DOM in other environments34,80,81,244,245.  
This signature is not only unique to the subsurface.  Surface water DOM can be highly influenced 
by surrounding soil properties4 resulting in identical subsurface and surface water CWs in areas 
with strong terrestrial-aquatic linkages.  As subsurface sites generally contain higher DOM 
concentrations than surface waters (Figure 7.1), only a small contribution of subsurface DOM would 
be required to imprint a terrestrial signature within surface waters.  Hence, subsurface 
environments are included as an end-member within the conceptual diagram and represent an 
important component dictating DOM composition in the NT. 
 
Photolytic degradation of DOM imprints a clear signature on various DOM compositions.  Changes 
to DOM composition during photolysis (Figure 7.2) are consistent with other studies199.  Samples 
with a unique photolytic signature are identified by an abundance of low molecular weight 
components (high S275-295), and a low proportion of both aromatic (low SUVA) and humic 
components (either as HSF, or SAC420 as a proxy; Figure 7.3).  The prominent effect of photolysis 





Autochthonous DOM is another important source of DOM within the aquatic environment.  
Shallow, hydrologically isolated ponds in the subarctic contain an important input of 
autochthonous DOM from macrophytes and benthic production that can be internally recycled on 
long timescales4,90,130,315,316.  Autochthonous DOM is characterized by a low amount of UV-visible 
absorbing components, high protein and nitrogen content, and overall low molecular weight34,244,317.  
However, such characteristics of DOM are also representative of photolytically-degraded DOM.  
The importance of the autochthonous contribution to northern DOM is addressed in the conceptual 
diagram by defining this as an end-member that describes DOM with low DOC:DON and high S275-
295. 
Variations in DOM sources, hydrologic mixing, or DOM degradation processes not accounted for 
in this thesis can result in CWs that are difficult to categorize.  In particular, river DOM samples 
identified by high humic and low-molecular weight UV-components (high S275-295) were found at 
both Yellowknife and Daring Lake; however, high S275-295 that is indicative of extensive photolysis 
should also result in a low proportion of humics (Figure 7.3).  These river samples may represent a 
mixture of DOM photolysed in upstream lakes, in-river production or mineralization of DOM, or a 
contribution of downstream terrestrial sources that may not have been fully processed.  The 
conceptual diagram proposed here is not all encompassing, but does provide a basis to simplify, 
characterize, and eventually predict DOM evolution across hydrologic systems in the NT. 
 
The three end-members represent a framework from which to compare differences in DOM 
composition (Figure 7.4).  For instance, photolytic degradation acts universally across all sample 
types and will generally conform DOM to be more similar to the ‘Photolysis’ end member.  Mixing 
of different DOM sources can also alter DOM composition, but the extent of change would depend 
upon a number of factors, such as the relative amount of mixing or the compositions being mixed.  
DOM composition can dictate different microbial or photolytic regimes within headwaters264 or 
determine whether the system may be light (lacking solar energy to conform DOM) or substrate 
(lacking UV-absorbing components) limited in terms of photolytic degradation113.  The conceptual 
diagram can be used to trace changes to DOM composition in response to a changing climate. 
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The conceptual diagram presented here, and data found in this thesis, support several conceptual 
hypotheses recently outlined by Creed et al.141 that focusses on the response of northern DOM 
composition to global change.  For instance, it was hypothesized that global change will introduce 
higher contributions of allochthonous DOM into lakes, altering water processes and influencing 
internal food webs.  The focus on a shift towards greater allochthonous contributions among 
northern surface waters suggests the ‘Autochthonous’ end member in this model may be under-
represented with a warming climate.  However, our model supports this hypothesis as we find 
certain surface water DOM to have similar DOM compositions as the surrounding subsurface, 
suggesting DOM composition can be used to identify areas susceptible to enhanced allochthonous 
supply.  Further, certain metrics of DOM composition differ in their response to different drivers of 
DOM fate.  Overall, the conceptual model presented here aligns closely with previous hypotheses 
outlined by Creed et al.141 that quantify the effects of certain landscape controls (photolysis and 
microbial degradation) on DOM composition and fate. 
 
The DOM conceptual diagram provides a framework to track changes to DOM in response to a 
changing climate.  The NT is projected to become warmer and drier318, which can lead to increased 
water residence times in surface and subsurface systems and a lack of terrestrial-surface water 
connections319.  In turn, mobilization of terrestrial DOM sources into surface waters may rely on 
infrequent rainfall events.  Identifying how DOM composition influences drinking water 
treatability and how a warming climate may alter surface water characteristics via changes to 
transport pathways may be helpful for water managers.  Results from this thesis found that 
microbial degradation of DOM, as well as high subsurface DOM concentrations, result in increased 
DBP formation on a carbon basis, while the opposite was observed from photolytic degradation.  
Mapping ‘high-risk’ DOM compositions on the conceptual diagram is possible by incorporating 
known relationships between DOM composition and certain water quality parameters, such as DBP 
(Figure 7.5).  Further, incorporation with DOM loss rates will allow for a determination to the net 
effect of changing DOM composition on drinking water (i.e. DOM may become more terrestrial but 
enhanced retention time in reservoirs may reduce the amount and form of DOM entering the water 
treatment facility).  This creates a tool that can be used to track the potential impact of DOM 




The DOM conceptual diagram is based on samples from the NT.  Northern arctic samples from the 
high arctic (Lake Hazen Watershed, NU) have DOM from very different sources, surrounding 
vegetation, and climate.  In comparison to the NT, the Lake Hazen Watershed is colder, remains 
frozen for longer periods of time, receives much less precipitation, and generally contains sparse 
vegetation except for a few productive meadows45.  The DOM conceptual diagram is used to trace 
DOM along a flow path through a representative sub-catchment near Lake Hazen.  Flow begins 
from a talus seep, into a wetland, through a series of lakes and ponds, and eventually discharges via 
a creek into the larger Lake Hazen320.  This flow-path provides a simple and constrained continuum 
to evaluate whether the DOM conceptual diagram can be easily adapted to represent different high 
arctic systems. 
DOM concentrations increase along the continuum, beginning around 1.0 to 3.3 mg C/L at the 
seep, and increasing to 8.3 mg C/L in the subsurface and 6.3 mg C/L within a small lake. Glacial 
creeks contain the lowest concentrations (0.3 to 0.7 mg C/L; Figure 7.6).  DOM compositions differ 
at each hydrologic site. Seep DOM is characterized by high HSF, moderate SUVA, and low 
DOC:DON and S275-295, while subsurface DOM is characterized by high SUVA and low values for all 
other parameters (Figure 7.6). Pond and lake DOM contain high S275-295, moderate HSF, and low 
DOC:DON and SUVA values. Glacial creeks have a variety of DOM compositions but generally 
contain lower measured values for all metrics compared to other sites.  First-order microbial and 
photolytic degradation rates are much lower compared to NT, with photolysis resulting in higher 
DOM loss than microbial degradation (Chapter 4; Chapter 5).  Microbial rates varied by 10x and was 
highest from seep DOM, while photolytic rates ranged by 1.5x and highest from subsurface DOM. 
The lack of specific UV and visible absorbing components in northern arctic surface and 
subsurface DOM resulted in a position near the ‘substrate limited’ and ‘clear water’ regimes on the 
conceptual diagram.  Further, all DOM samples from the Lake Hazen Watershed responded 
similarly in terms of DOM metrics to photolysis (Chapter 5), characteristic of other clear-water 
regime systems.  These samples also plot closely to NT DOM with strong photolytic characteristics 
(Figure 7.7).  Grouping of DOM compositions in the NT DOM conceptual diagram may also be 
applicable to other locations.  These groupings provide information on processes that drive DOM 
composition across these systems. 
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The NT DOM conceptual diagram may not accurately incorporate the diversity of high arctic 
DOM composition. Creek DOM did not contain comparable compositions to any of the end 
members (Figure 7.7).  Further, lower proportions of humics in high arctic subsurface DOM result in 
a very different subsurface composition than what is found in the NT.  Hence, there is some 
applicability of the processes that govern DOM, yet compiling DOM compositions between the 
high-arctic and NT indicate modifications would need to be made to the conceptual diagram to 
encompass more arctic sites. 
 
A conceptual diagram of the evolution in DOM composition is presented for different surface and 
subsurface DOM in the NT. Although data represents a select few sites in the NT, this conceptual 
diagram offers an initial characterization that can be easily adapted to incorporate DOM from other 
ecoregions in the NT.  Further, the similarity in DOM composition observed from Yellowknife to 
Daring Lake suggests that DOM may not be all that different, especially across subsurface sites.  
However, some differences in high artic DOM are not encapsulated in the model that fits the low 
arctic and taiga shield.  By acknowledging how DOM composition varies across the landscape, and 
different sources and processes may alter this composition, we can better estimate how DOM will 






Figure 7.1: Dissolved organic matter concentration (DOM; logarithmic scale) for different subsurface (‘Sub’) 
and surface water sites at Daring Lake, Wekweètì, and Yellowknife. Numerous samples collected at the same 
site are represented by a single averaged point. Random scatter is incorporated into the x-axis to clearly show 
different data points. 
 
 
Figure 7.2: Summary of the relative effect of microbial (green; left) and photolytic (yellow; right) 
decomposition upon dissolved organic matter (DOM) composition measures using a hypothetical initial (dark 
line) and final (dotted line) DOM composition.  The arrows represent the average change in each 
compositional metric using all samples, while the shaded box represents the greatest increase and decrease 
quantified from the experimental incubations (see Chapters 4 and 5). The shape of the initial composition is 
irrelevant as the percent change from each parameter is plotted.  The Composition Wheel is defined by 
dissolved organic carbon to organic nitrogen ratio (DOC:DON), slope from 275 to 295nm (S275), spectral 
absorption coefficient at 420 nm (SAC420), and specific UV-absorbance at 255nm (SUVA).  Microbial 
degradation represents the change determined over 30 days for all samples, whereas photolytic degradation 
represents the loss after 500 E/m2 for all samples (corresponds to 13 and 18 days of continual sunlight in the 




Figure 7.3: Dissolved organic matter (DOM) composition wheels for different hydrological sites from 
Yellowknife (YK), Wekweètì (WK), and Daring Lake (DL), Northwest Territories. DOM was categorized as 
either having terrestrial, photolytic, or intermediate characteristics based on sampling location and 
similarities to observed effects of degradation experiments on DOM metrics. Composition Wheels were 
represented by dissolved organic carbon to organic nitrogen ratio (DOC:DON), slope from 275 to 295nm 




Figure 7.4: Conceptual diagram of dissolved organic matter (DOM) in the Northwest Territories based on 
microbial and photolytic degradation experiments and on the initial DOM present in the dataset. End-member 
(Terrestrial, Photolysis, Autochthonous) represent important source or processing characteristics, while 
arrows within the triangle represent how different processes ‘move’ DOM across the conceptual diagram. 
Greyed arrows on the side represent similar DOM evolution hypotheses113,264. The question mark indicates 





Figure 7.5: Example of using the dissolved organic matter (DOM) conceptual diagram to either trace DOM 
evolution in the environment (NT samples taken from Figure 7.3; left) or use to identify DOM  compositions 
that are easily degraded (dots: microbially labile; triangles: photolytically labile) or easily form disinfection 




Figure 7.6: Dissolved organic matter concentration (DOM mg C/L; upper panel) and composition wheel 
(lower panel) for different hydrologic sites from the Lake Hazen Watershed, Nunavut. Composition wheels 
were based on dissolved organic carbon to organic nitrogen ratio (DOC:DON), slope from 275 to 295nm 





Figure 7.7: Application of the NT DOM conceptual diagram (hollow shapes) for high arctic DOM samples 
(solid shapes). Composition Wheels on the right side not in the triangle represent DOM from a glacial creek 
that were not similar to any of the defined end-members.  Subsurface DOM, although different than all other 








The overall goal of this PhD thesis is to quantify differences in DOM concentration and 
composition across three northern ecoregions in Canada and to determine how DOM composition 
influences photolytic and microbial degradation rates.  Summarized below are the major findings 
from each chapter. 
The Northwest Territories (NT) represents an area of Canada rapidly undergoing change in 
response to a warming climate10,11,147.  The objective of the first data chapter was to quantify the 
geochemical response to a warming climate from systems draining the taiga shield (Yellowknife 
and Cameron River) and taiga plains (Marian River) near Yellowknife, NT.  Statistical analysis of 
long-term climatic parameters from the area and hydrologic variables from these rivers was used to 
investigate the magnitude of change in mean annual air temperature, total precipitation, monthly 
and annual discharge, and various geochemical parameter concentrations and fluxes (Chapter 2).  
Mean monthly air temperatures near Yellowknife significantly increased in winter (January to 
April), June, and July, with an annual increase in 3.2 x 10-2 ºC/yr over the 80-year timeframe.  No 
significant changes to the annual discharge of the Yellowknife or Cameron rivers occurred; 
however, increased average monthly discharge during the winter months was observed in the 
Yellowknife River over the 35-year dataset.  Mean annual solute concentrations significantly 
increased within the Yellowknife and Cameron rivers over the 30-year time period, which in the 
absence of a change in discharge, indicated a shift towards deeper, potentially mineral-rich, 
subsurface flow pathways.  Although concentrations of DOM did not change over time in any of 
the rivers, warming mean annual air temperatures in the area are nearing a threshold of -2°C, found 
to enhance DOM mobility in discontinuous permafrost areas28.  Baseline conditions were easily 
defined for the Cameron River due to unchanging monthly and annual discharge, as well as for the 
Marian River, exhibiting strong seasonality in geochemistry but no trend with time.  Conversely, 
changes to river discharge and water quality in the Yellowknife River suggest a dynamic and 
unidirectional trend, likely representative of increasing subsurface flow pathways.  Hence, long-
term records of climate, hydrology, and discharge indicate differences in the response from three 
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rivers near Yellowknife, and provide evidence on how these systems may continue to respond to a 
warming climate. 
A variety of metrics can be used to characterize differences in DOM composition among surface 
and subsurface waters.  The objective of the second data chapter was to determine which simple 
measures of DOM composition best explain the variability in DOM encountered across a variety of 
Canadian ecoregions (Chapter 3).  Different DOM compositional measures included ultra-violet 
(UV) and visible absorbance, elemental ratios, and size-exclusion chromatography.  Principal 
components analysis was applied to the DOM dataset and compositional measures with the highest 
contributions to the first and second principal component axes were determined to best represent 
variations in DOM composition.  These measures included specific UV-absorbance at 255nm 
(SUVA), spectral slope between 275 and 295 nm (S275-295), elemental ratios (DOC:DON), and the 
proportion of humic-substances fraction (HSF).  Composition Wheels, a novel tool to visualize 
differences in DOM composition, were assembled using these four measures and used to quantify 
how different aspects of DOM change along the aquatic continuum.  Overall, subsurface DOM, 
easily identified by high values of HSF and SUVA and low S275-295, was similar across all sampling 
location compared to surface water DOM.  More variability in composition was encountered among 
surface water DOM, likely reflecting differences in water residence time, exposure to photolysis, or 
in situ production of DOM.  Hence, differences in DOM composition can be easily utilized to 
compare or trace the evolution of DOM composition across the aquatic continuum. 
Processing of DOM can alter the amount, form, and reactivity of DOM exported from a 
watershed.  Microbial processing is often the most important driver of DOM transformation and 
loss, yet few loss rates are found from sites in the Canadian subarctic and high arctic.  The objective 
of the third data chapter was to quantify the range in the proportion of DOM lost during an 
incubation experiment, as well as quantify dark DOM loss rates from different hydrologic sites in 
three ecoregions: the taiga shield (Yellowknife, NT), southern arctic (Daring Lake, NT), and 
northern arctic (Lake Hazen, NU; Chapter 4).  Results from a 30-day microbial incubation 
experiment commonly used to define biodegradable DOM (BDOM) show a total decrease between 1 
to 27% from the original DOM concentration.  Northern arctic DOM contained the lowest initial 
DOM concentrations and proportion of BDOM (1 to 11%), indicating that DOM is persistent within 
these systems.  The highest BDOM proportions were observed in DOM in a southern arctic creek 
(27%) and taiga shield subsurface (17%).  At similar incubation durations, proportions of BDOM 
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from this study are higher than other studies conducted in the NT, but overall lower when 
compared to other circumpolar areas such as Siberia or Alaska.  Highest 1st-order degradation rate 
constants were observed from DOM in the taiga shield subsurface (7.3 x10-3 d-1) and a southern 
arctic pond (11.2 x10-3 d-1), while the remaining ten samples had a narrow range between 1.4 to 4.0 
x10-3 d-1.  Changes to DOM composition due to microbial degradation were generally unique to a 
specific sample.  Further, traditional measures of DOM composition, such as spectral absorbance at 
255 nm (SUVA) or spectral slope, were not good a priori predictors of BDOM proportion or 
degradation rate.  However, the change in SUVA or SAC420 were better suited to quantify changes 
to DOM composition during microbial degradation as they showed the largest changes.  Hence, 
location is more important for determining microbial lability than DOM composition and decreases 
to SUVA and SAC420 provide sensitive indicators of microbial degradation. 
Photolytic degradation is an important driver of DOM fate in sub-arctic and arctic systems, 
particularly in shallow surface waters.  The overall objective of the fourth data chapter was to 
determine the influence of DOM composition on photolytic DOM loss and quantify 
photodegradation rates (Chapter 5).  The percentage loss in DOM was similar across locations 
(between 13 to 19% after 500 E/m2, which corresponds to roughly 13 and 18 days of constant 
sunlight in the southern and northern arctic, respectively) even though initial DOM characteristics 
were different.  However, photolytic yield (total amount of DOM lost divided by total irradiation) 
suggest DOM from these sites contain lower amounts of photolabile DOM than studies conducted 
in elsewhere.  DOM composition is important for photolysis as DOM composition responded in a 
predictable manner across all sites: loss of humic, UV-visible light absorbing components, and the 
production of smaller, low-molecular weight DOM components.  Photolysis of DOM followed a 1st-
order rate equation with highest rates from southern arctic subsurface DOM (17 x10-4 m2/E) and 
lowest from northern arctic DOM (1.6 to 4.2 x10-4 m2/E) and taiga shield subsurface (4.1 x10-4 m2/E).  
Linear degradation rates, used to compare all photolysed samples and literature values, ranged 
between 0.4 to 30 x 10-3 m2/E and were lower by one to two orders of magnitude than similar 
experiments conducted in Siberia, Russia, and Bylot Island, Canada.  Further, unlike microbial 
degradation, photolytic degradation rates could be predicted using initial SUVA, SAC420, and S275-295 
metrics.  The importance of characterizing DOM composition to predict DOM lability is 
demonstrated by quantifying the contrasting influences of microbial and photolytic degradation on 
DOM compositional metrics. Thus, the sub-arctic and arctic locations sampled in this study are a 
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unique region onto itself with lower photolytic and microbial lability than other locations (i.e. 
eastern Boreal Canada, Alaska, or Siberia). 
Dissolved organic matter adversely impacts drinking water quality via the formation of 
disinfection by-products (DBP) during the chlorination of drinking water supplies.  The objective of 
the fifth data chapter was to quantify the relationship between DOM composition and DBP 
formation across various subsurface and surface water DOM encountered in the NT (Chapter 6).  
This objective was completed using two approaches: 1) assessing the occurrence of DOM and DBP 
within NT community drinking water supplies as reported, and 2) determining how differences in 
DOM composition relate to DBP formation.  Public water quality records of 33 communities, 
obtained from the Government of Northwest Territories Municipal and Community Affairs website, 
showed that DOM and DBP were prevalent across the NT.  Only 11% of all records (n= 520) 
contained values above the Canadian Council of Ministers of the Environment (CCME) maximum 
acceptable concentration.  However, differences in storage times, point of sampling, different 
analytical laboratories, and time left to react, can all influence the amount of DBP formed making 
comparisons among sites difficult.  Chlorination and DBP formation was measured in DOM samples 
collected from various surface and subsurface sites from the taiga shield (Yellowknife and 
Wekweètì, NT), southern arctic (Daring Lake, NT) ecoregions.  Differences in the disinfection 
demand (DD; amount of chlorine added to obtain a chlorine residual) versus DOM concentration, as 
well as DBP:DOM, across samples indicated that DOM concentration alone was not a good 
predictor of DBP formation or DD.  In both surface and subsurface environments, high DBP 
concentrations were formed from DOM with a terrestrial-like signature.  Further, simple UV-
absorbance measures provided useful information to predict DBP formation.  Degradation 
experiments show that photolysis decreased the formation of DBP per carbon atom, yet microbial 
degradation increased the amount of DBP formed per DOM carbon atom.  Hence, DOM 
concentration and composition were both important when considering drinking water treatability, 
especially in the NT where permafrost degradation, changing precipitation regimes, and warming 
temperatures may result in higher loadings of terrestrial DOM into surface waters used as drinking 
water resources. 
A conceptual model to the evolution of DOM in the NT was created based on data and 
interpretations from the previous chapters.  A three end-member model (Terrestrial, Photolytic, and 
Autochthonous) was determined based on similarities in DOM composition among sites, similarities 
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to DOM characteristics observed in literature, and results from the previous incubation experiments 
that identified specific indicators of microbial or photolytic processes on DOM composition.  The 
conceptual model can be used to identify how different drivers influence DOM composition.  
Further, processing of DOM results in similar metrics regardless of initial composition.  However, 
the conceptual model does not encapsulate some of the DOM compositions observed in the high 
arctic.  This conceptual model provides a tool to link changes in DOM composition with effects 
upon DBP formation or ecosystem processes.   
 
The dataset presented in this thesis finds DOM composition can differ across relatively small spatial 
scales.  Although this thesis was able to capture the heterogeneity in DOM composition, the data 
does not represent an instrumented flow path.  Further, effective use of these degradation rates 
requires an accurate estimate of the time DOM may spend within a body of water or subsurface.  
Quantifying hydrologic flow paths, contributing areas, and both surface and subsurface water 
residence times would help constrain potential rates of degradation (i.e., exposure to sunlight, 
degradation in subsurface, time spent within a watershed) and improve estimates of DOM 
processing within these systems.  Although the presence of permafrost can complicate hydrologic 
modelling and transport in the subsurface, there is a need to constrain and understand the quantity 
and timing of flows that transport DOM between terrestrial and aquatic systems.   
Source characteristics of DOM need to be better quantified to trace DOM evolution within these 
systems.  To enhance our understanding of DOM among different environments, more information 
is needed on the characterization of autochthonous DOM sources in NT surface waters and the 
impact of in situ DOM on local carbon cycling.  Data from this thesis can strongly identify 
terrestrial sources of DOM or the influence of photolysis; however research is lacking in the 
connection between DOM composition and its impact on ecosystem functioning141.  Autochthonous 
DOM comprised a biologically-available form of carbon within the Mackenzie Delta130 but more 
data are needed to better constrain characteristics and rates of internal DOM production from 
different sub-arctic and arctic areas.  Recent work in the Yukon River Basin, Alaska, highlighted the 
importance of internally derived carbon fixed from atmospheric carbon dioxide, rather than from 
terrestrial sources such as soils or degrading permafrost316.  Determining the presence, composition, 
and fate of permafrost-derived carbon would be beneficial to help identify and predict the specific 
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response of permafrost-mobilized DOM on the carbon cycle under various climate change 
scenarios.  Research from Siberia and Alaska have found ancient permafrost to be easily degraded 
and rapidly assimilated into biomass rather than mineralized into carbon dioxide85,96,100.  The use of 
both stable and radioactive carbon isotopes offers a useful tool that would aid in constraining 
different terrestrial and aquatic DOM sources and processing, as well as identifying the presence of 
permafrost carbon.  Quantifying the importance of in situ and permafrost-derived DOM using a 
suite of isotopic and geochemical measures would help delineate and constrain various sources that 
influence DOM reactivity. 
Changes to the diversity and functioning of terrestrial and aquatic microbial communities can 
influence the fate of northern carbon.  Incubation experiments rely on the microbial consortia 
during time of sampling, without any characterization or identification of key communities that 
may influence degradation rates.  Recent work has shown how permafrost degradation results in 
rapid shifts to microbial community assemblages that directly impact the biogeochemical 
functioning of thaw ponds, as well as rates of carbon and nitrogen cycling within these 
systems227,321–325.  The basic use of the term ‘inoculum’ greatly generalizes a breadth of microbial 
information that can be better utilized to constrain future predictions of carbon lability and cycling.  
Quantifying the influence of the microbial community upon DOM cycling is an important avenue 
to continue research as differences in community assemblages and functioning will alter DOM fate 
with a warming climate. 
Further research is needed to enhance our understanding of how differences in DOM 
composition impact drinking water parameters, such as the association between DOM and trace 
metal mobility or toxicity.  One avenue is explored in this thesis (production of DBP); however, 
there are a number of DOM-related water quality concerns that can be addressed.  For instance, use 
of Proton Binding Index60 could identify how differences in DOM composition affect the ability of 
DOM to interact with metals.  Further, differences in the amount and source of freshwater organic 
matter have been found to influence mercury methylation rates and photodemethylation within the 
water column and lake or pond sediments228,326–328.  The DOM database collected from this thesis 
could be used to further the understanding of the relationship between DOM lability, DOM 
composition, metal complexation, and mercury methylation rates, providing informative 
relationships in terms of aquatic health and drinking water quality. 
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Appendix A 
Chapter 2 – Supplementary Figures 
Table A: Annual (bold) and monthly (regular) cation and anion concentrations for the entire time period for the Yellowknife (YK; 1988 to 2012), Cameron 
(CAM; 1988 to 2012), and Marian (MAR; 2000 to 2012) rivers in the Northwest Territories, Canada. Average values are given with 1-standard devation (σ) and 
number of samples (n). Alkalinity is measured as the total concentration of CaCO3. 
RIVER 
CATIONS ANIONS 
K+ (mg/L) Na+ (mg/L) Ca2+ (mg/L) Mg2+ (mg/L) Cl- (mg/L) SO42- (mg/L) Alkalinity (mg/L) 
Avg σ n Avg σ n Avg σ n Avg σ n Avg σ n Avg σ n Avg σ n 
YK 0.96 0.14 255 1.74 0.43 253 5.31 1.31 257 1.92 0.43 255 1.76 0.25 255 3.45 0.99 249 18.6 2.9 243 
Jan 0.99 0.15 21 1.74 0.36 21 4.85 0.99 22 1.75 0.40 22 1.74 0.15 20 3.18 0.48 21 18.4 2.9 21 
Feb 1.01 0.14 18 1.85 0.38 18 5.61 2.24 19 1.91 0.52 19 1.79 0.31 19 3.98 1.92 19 19.2 3.0 17 
Mar 0.99 0.12 22 1.80 0.40 23 4.97 1.14 23 1.90 0.56 23 1.82 0.28 23 3.35 0.58 22 18.8 2.9 19 
Apr 1.03 0.13 20 1.87 0.46 19 5.58 1.35 20 2.11 0.42 19 1.83 0.32 17 3.90 1.05 20 18.6 2.9 20 
May 0.96 0.16 25 1.72 0.38 25 5.06 1.13 25 1.88 0.50 25 1.76 0.21 26 3.61 1.01 25 18.3 3.0 23 
Jun 0.94 0.12 26 1.73 0.38 26 5.31 1.07 26 1.94 0.32 26 1.76 0.20 27 3.25 0.80 24 18.6 2.6 23 
Jul 0.94 0.13 22 1.69 0.46 22 5.61 1.20 22 2.03 0.41 22 1.71 0.21 23 3.53 1.28 22 19.2 2.6 21 
Aug 0.91 0.12 23 1.70 0.41 22 5.37 1.33 23 1.95 0.42 22 1.75 0.37 22 3.17 0.65 21 18.5 3.3 24 
Sep 0.92 0.15 24 1.63 0.48 23 5.61 1.62 24 1.97 0.45 24 1.71 0.22 24 3.44 0.85 23 18.1 3.4 22 
Oct 0.91 0.14 20 1.73 0.41 20 5.15 0.99 20 1.86 0.41 20 1.68 0.26 20 3.47 1.04 19 18.7 2.6 20 
Nov 0.95 0.18 16 1.75 0.59 16 5.37 1.27 15 1.85 0.34 15 1.78 0.24 16 3.27 0.37 15 18.6 3.0 15 
Dec 1.00 0.15 18 1.76 0.46 18 5.35 1.11 18 1.87 0.37 18 1.79 0.25 18 3.30 0.65 18 18.8 2.7 18 
                      
CAM 1.14 0.16 229 2.20 0.36 230 8.50 1.74 232 2.48 0.47 231 2.33 0.48 224 4.24 1.21 227 28.0 4.2 231 
Jan 1.21 0.14 20 2.30 0.27 20 8.58 1.33 21 2.52 0.37 21 2.23 0.50 19 4.58 1.07 21 29.8 3.4 21 
Feb 1.29 0.16 14 2.52 0.32 14 9.72 2.12 15 2.72 0.66 15 2.60 0.48 15 4.72 1.07 13 32.5 2.8 15 
Mar 1.29 0.16 15 2.64 0.28 15 9.72 1.60 15 2.83 0.52 15 2.91 0.68 15 4.45 0.89 15 32.8 2.7 15 
Apr 1.28 0.12 23 2.51 0.33 23 9.41 1.71 23 2.82 0.53 23 2.52 0.57 21 4.62 1.27 23 30.9 3.4 23 
May 1.15 0.16 19 2.15 0.33 20 8.15 1.72 20 2.48 0.40 19 2.46 0.29 18 3.93 1.10 20 26.6 4.0 20 
Jun 1.06 0.10 21 1.96 0.30 21 7.63 1.53 21 2.28 0.37 21 2.25 0.39 21 3.83 0.62 20 25.3 3.2 20 
Jul 1.07 0.11 22 2.07 0.32 22 8.19 1.45 22 2.37 0.41 22 2.22 0.40 21 4.31 1.23 22 25.5 3.2 22 
Aug 1.05 0.09 26 1.98 0.20 26 7.57 1.44 26 2.24 0.37 26 2.23 0.30 25 3.91 0.99 25 25.7 3.3 26 
Sep 1.08 0.10 20 2.06 0.24 20 8.52 1.86 20 2.48 0.39 20 2.12 0.36 20 4.28 1.98 20 26.3 3.2 20 
Oct 1.02 0.15 22 2.04 0.30 22 8.04 1.44 22 2.34 0.33 22 2.01 0.35 22 4.39 1.66 21 26.1 2.9 22 
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Nov 1.08 0.14 14 2.11 0.28 14 8.45 1.88 14 2.38 0.47 14 2.23 0.38 14 3.76 0.67 14 27.4 4.5 14 
Dec 1.24 0.15 13 2.36 0.28 13 9.15 1.55 13 2.54 0.52 13 2.42 0.37 13 4.08 0.44 13 30.7 3.3 13 
                      
MAR 1.13 0.22 166 2.09 0.37 166 18.4 6.86 166 7.91 3.00 168 1.48 0.28 159 15.7 8.04 163 59.1 23.8 165 
Jan 1.11 0.31 13 2.23 0.25 12 20.4 4.27 13 9.14 2.11 13 1.53 0.15 11 15.7 4.42 13 71.2 21.2 13 
Feb 1.17 0.16 11 2.21 0.27 11 19.7 4.08 12 8.88 2.43 12 1.42 0.22 12 12.2 3.24 12 70.6 23.0 12 
Mar 1.16 0.13 15 2.22 0.17 15 20.1 3.14 15 9.56 1.80 15 1.57 0.25 15 11.6 2.65 15 74.9 19.3 15 
Apr 1.17 0.12 14 2.17 0.17 14 21.0 2.81 14 9.99 1.64 14 1.46 0.19 12 13.1 3.53 14 72.1 18.7 14 
May 1.00 0.30 16 1.77 0.36 16 15.1 6.90 16 6.17 3.00 16 1.24 0.27 14 13.5 9.80 16 47.5 20.5 16 
Jun 1.09 0.18 15 1.77 0.28 15 12.4 4.69 15 4.77 1.75 15 1.36 0.32 15 13.1 8.69 15 36.4 12.8 15 
Jul 1.22 0.26 15 2.03 0.37 15 15.5 6.39 15 6.85 3.27 15 1.44 0.24 15 13.7 6.43 15 45.6 28.2 15 
Aug 1.10 0.20 17 2.04 0.38 17 15.9 7.58 17 7.45 3.71 17 1.41 0.23 17 14.3 5.74 16 57.3 25.8 16 
Sep 1.13 0.28 13 2.06 0.38 14 18.0 6.26 14 7.78 3.19 14 1.51 0.30 14 19.0 9.02 14 52.7 21.7 14 
Oct 1.09 0.22 15 2.16 0.44 15 22.5 10.6 15 8.37 2.56 15 1.54 0.28 15 21.4 10.3 12 57.0 19.4 14 
Nov 1.15 0.21 11 2.32 0.42 11 21.0 7.72 10 7.78 3.18 11 1.76 0.22 9 26.9 9.24 10 64.4 17.2 10 




Table A2: Annual (bold) and monthly (regular) nutrient and field parameters for the entire time period for the Yellowknife (YK; 1988 to 2012), Cameron 
(CAM; 1988 to 2012), and Marian (MAR; 2000 to 2012) rivers in the Northwest Territories, Canada. Average values are given with 1-standard devation (σ) and 
number of samples (n). 
RIVER 
OTHER Nutrients 













Avg σ n Avg n Avg σ n Avg σ n Avg σ n Avg σ n Avg σ n 
YK 32.6 12.4 258 7.37 261 53.2 6.6 264 0.013 0.015 213 0.042 0.041 238 0.015 0.028 261 5.06 0.72 245 
Jan 34.8 16.5 23 7.22 23 51.5 5.5 23 0.014 0.010 19 0.055 0.025 22 0.010 0.006 22 4.92 0.56 20 
Feb 28.5 9.2 20 7.24 20 53.3 7.5 20 0.010 0.014 15 0.054 0.020 17 0.023 0.057 20 4.99 0.72 17 
Mar 28.4 12.6 23 7.17 23 52.7 5.5 23 0.019 0.026 20 0.060 0.027 20 0.013 0.019 23 4.96 0.43 22 
Apr 34.6 7.8 17 7.32 18 55.2 6.8 20 0.012 0.015 16 0.058 0.039 19 0.010 0.005 18 4.87 0.80 19 
May 33.3 12.8 26 7.39 26 52.1 5.6 27 0.009 0.006 22 0.038 0.037 26 0.011 0.008 27 5.21 0.74 27 
Jun 36.5 14.0 26 7.43 27 53.0 4.5 27 0.011 0.011 21 0.030 0.050 24 0.011 0.009 27 5.00 0.59 25 
Jul 33.7 12.9 23 7.51 23 54.3 6.1 23 0.013 0.014 19 0.041 0.067 19 0.012 0.007 23 5.31 0.53 23 
Aug 34.6 9.3 23 7.53 23 52.8 6.7 24 0.010 0.008 18 0.027 0.053 22 0.010 0.004 23 5.16 0.61 20 
Sep 33.0 16.4 24 7.46 24 51.6 7.9 24 0.009 0.004 20 0.029 0.045 21 0.027 0.056 24 5.43 1.27 22 
Oct 29.2 8.5 20 7.41 20 54.8 8.9 20 0.012 0.018 16 0.030 0.032 17 0.019 0.036 20 5.01 0.73 19 
Nov 28.4 11.0 15 7.40 16 54.0 8.6 15 0.017 0.020 13 0.039 0.025 15 0.012 0.017 16 4.65 0.37 15 
Dec 33.7 9.3 18 7.30 18 54.5 6.2 18 0.016 0.022 14 0.053 0.017 16 0.023 0.036 18 5.00 0.68 16 
                     
CAM 48.9 13.2 188 7.48 230 74.3 9.6 231 0.011 0.009 189 0.032 0.030 165 0.014 0.015 193 6.95 0.72 181 
Jan 50.9 7.7 16 7.46 20 78.4 7.5 21 0.029 0.010 17 0.033 0.023 15 0.011 0.006 15 6.85 0.54 15 
Feb 52.6 9.0 14 7.37 15 83.2 7.6 14 0.013 0.007 13 0.060 0.031 13 0.013 0.011 14 6.99 0.41 12 
Mar 50.6 16.1 14 7.44 14 87.5 6.0 15 0.009 0.004 14 0.067 0.040 12 0.015 0.017 14 6.77 0.52 13 
Apr 57.6 12.4 17 7.32 23 83.5 6.5 23 0.007 0.003 18 0.056 0.028 16 0.010 0.004 18 6.82 0.62 18 
May 50.9 9.2 16 7.38 20 71.1 9.7 20 0.008 0.006 16 0.027 0.021 13 0.014 0.015 17 7.08 0.88 16 
Jun 48.8 6.5 18 7.55 21 67.8 5.8 21 0.008 0.005 17 0.016 0.018 14 0.009 0.003 18 7.18 0.79 16 
Jul 47.5 14.6 17 7.60 22 68.4 6.3 22 0.008 0.006 17 0.018 0.015 13 0.011 0.006 18 7.27 0.80 18 
Aug 47.7 12.7 19 7.59 26 68.8 7.0 26 0.008 0.004 20 0.014 0.011 16 0.013 0.006 21 7.28 0.90 19 
Sep 43.0 14.1 15 7.59 20 70.5 6.7 20 0.009 0.006 16 0.016 0.020 14 0.019 0.021 16 6.91 0.67 17 
Oct 43.6 15.4 20 7.48 22 69.4 6.6 22 0.009 0.008 20 0.025 0.032 18 0.013 0.014 18 6.69 0.64 14 
Nov 38.8 17.0 11 7.51 14 72.0 9.0 14 0.009 0.003 10 0.027 0.022 11 0.025 0.039 12 6.59 0.61 12 
Dec 54.5 14.1 11 7.44 13 80.0 6.5 13 0.019 0.005 11 0.026 0.020 10 0.020 0.020 12 6.72 0.77 11 
                     
MAR 105.0 34.3 165 7.75 167 159 51.6 168 0.015 0.012 162 0.061 0.058 149 0.037 0.030 160 6.85 1.11 141 
Jan 114.9 29.4 13 7.60 13 182 31.8 13 0.014 0.005 13 0.084 0.043 12 0.015 0.005 13 6.98 0.58 11 
Feb 95.8 18.2 12 7.59 12 170 28.0 12 0.012 0.013 12 0.101 0.039 11 0.014 0.012 11 6.78 0.55 11 
Mar 106 16.3 14 7.64 14 181 21.8 15 0.012 0.007 14 0.092 0.052 12 0.016 0.014 14 6.86 0.86 12 
Apr 109 17.9 14 7.70 14 178 15.9 14 0.010 0.008 14 0.085 0.055 14 0.030 0.046 13 6.18 0.56 12 
May 78.6 41.2 16 7.82 16 132 51.3 16 0.012 0.009 16 0.038 0.050 15 0.021 0.009 16 6.68 1.36 14 
Jun 86.0 26.0 15 7.70 15 106 35.5 15 0.015 0.011 15 0.050 0.075 12 0.048 0.019 15 6.50 1.17 13 
Jul 101 47.7 15 7.82 15 135 55.5 15 0.021 0.020 14 0.060 0.091 12 0.045 0.022 14 6.79 0.92 13 
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Aug 113 42.1 16 7.84 17 149 58.8 17 0.019 0.012 17 0.040 0.061 15 0.048 0.019 16 6.84 1.11 13 
Sep 116 32.7 14 7.92 14 157 43.4 14 0.018 0.016 13 0.037 0.035 13 0.070 0.047 13 6.93 1.57 14 
Oct 122 41.2 14 7.88 15 184 71.7 15 0.015 0.013 14 0.050 0.050 13 0.059 0.024 13 7.08 1.09 13 
Nov 105 22.6 11 7.73 11 168 63.0 11 0.018 0.009 9 0.043 0.038 11 0.037 0.019 11 7.29 0.77 8 
Dec 118 30.2 11 7.64 11 187 43.6 11 0.020 0.007 11 0.065 0.044 9 0.033 0.029 11 7.81 1.98 7 
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Table A3: Detection limits for all geochemical analyses on the Yellowknife, Cameron, and Marian rivers. 
Some parameters did not include samples that were below the detection limit (BDL). Multiple detection limits 
represent the range of limits encountered over the entire geochemical record. 
Parameter Detection Limit 
K+ (mg/L) No samples BDL 
Na+ (mg/L) No samples BDL 
Ca2+ (mg/L) No samples BDL 
Mg2+ (mg/L) No samples BDL 
Cl- (mg/L) No samples BDL 
SO42- (mg/L) <3 
Alkalinity  (total as CaCO3 mg/L) No samples BDL 
NH3 (mg N/L) <0.005, <0.01 
NO2-+NO3- (mg N/L) <0.005, <0.010, <0.008 
DOC (mg/L) No samples BDL 
TP (mg/L) <0.006, <0.004, <0.01, <0.003 
 
Z-scores were calculated for average annual temperatures and for total annual precipitation around 
Yellowknife, NT (Fig A1). Average values were calculated using values from 1951 to 1980, as done 
by Serreze et al. (2000). Increasing trends are observed for both average annual air temperature and 




Figure A1: Calculated z-score values for average annual temperature (A) and total annual precipitation (B) 
for the city of Yellowknife, NT. Included are linear regression lines. 
 
Figure A2: Daily measurements of discharge for the Cameron (top) and Yellowknife (bottom) rivers with 
time. Seasonality is easily seen by high flow during the spring and low flow during winter months. 
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Figure A3: Average monthly discharge normalized to watershed area for the Yellowknife and Cameron Rivers. 
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A range of cation concentrations were found at various discharge measurements (Figure A4). No 
clear pattern or trend exists between concentration and discharge. A positive relationship between 
Na+ concentration and discharge was observed in the Yellowknife river while a negative 
relationship with discharge was observed in the Cameron River. The Cameron River contains 
higher cation concentrations during lower discharge in the winter season than the Yellowknife 
River (Figure A4). 
Chloride and sulphate concentrations were not well correlated with discharge in either the 
Yellowknife or Cameron rivers (Figure A5). However, a positive relationship between alkalinity and 
discharge is found in the Yellowknife River. An inverse relationship between alkalinity and 
discharge is found in the Cameron River. Lowest concentrations of alkalinity were observed during 
high flow in spring and summer months. Within the Yellowknife River, alkalinity appeared to be 
divided into a higher and lower group of values. Seasonality did not help predict anion 
concentrations and discharge in the Yellowknife River. Higher concentrations with lower flow 
during winter seasons are found in the Cameron River for both chloride and alkalinity, but not 
sulphate. 
For both rivers, concentrations of inorganic nitrogen species (NH3 and NO3-+NO2-) decreased with 
increased flow (Figure A6), while DOC concentrations increase with higher flows. There was no 
relationship between TP concentration and overall discharge for either river. For both rivers, lower 
flows in winter had the higher concentrations of nutrients, whereas highest flows in spring and 
summer had the lowest concentrations (Figure A6). 
No clear relationship between measurements of discharge with either TDS, pH, or specific 
conductivity were found in the Yellowknife River (Figure A7), while no relationship between 
discharge and either TDS or pH was found in the Cameron River. However, an inverse relationship 
between discharge and specific conductivity was observed in the Cameron River. Further, low flows 
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during the winter had high values of TDS, pH and specific conductivity, whereas high flows during 




Figure A4: Concentration of cations versus discharge (logarithmic scale) for the Yellowknife (A) and 






Figure A5: Concentration of anions versus discharge (logarithmic scale) for the Yellowknife (A) and Cameron 





Figure A6: Concentration of nutrients versus discharge (logarithmic scale) for the Yellowknife (A) and 






Figure A7: Total dissolved solids (TDS), pH, and specific conductivity versus discharge (logarithmic scale) for 
the Yellowknife (A) and Cameron (B) rivers for winter (purple circles), spring (green triangles), summer (pink 






Chapter 3 – Supplementary Figures 
Table B1: Environmental description for all sampling sites, with the number of total samples taken for DOM 
concentration and at least one compositional measure (nDOC), and number of samples used from that site in 
PCA analysis (nPCA). 
SURFACE WATERS 
Name Location nDOC nPCA Description 
IISD-Experimental 
Lakes Area, ON (ELA) 49° 39’ 40”N,  
93° 43’ 48”W 
Ontario, Canada 
74 45 Boreal forest, underlain by Precambrian 
bedrock with discontinuous surficial layer of 
sandy-gravel till. Sampled from 2010 to 2016. 
Lakes 49 36 
Creeks 25 9 
          
Grand River, ON (GR) 
43° 30’ 41”N,  
80° 29’ 43”W 
Ontario, Canada 
39 - 
Surrounding land predominately agricultural 
and flows past six wastewater treatment 
plants. Sampled from 6 consecutive locations 
along a 90km stretch every two months from 
2011 to 2012. 
          
Yellowknife, NT (YK) 
62° 27’ 14”N,  




23 20 Samples from the Taiga Shield underlain by 
discontinuous permafrost. Surface waters are 
surrounded by bedrock and peat pleataux 
around Yellowknife. Sampled in July or 
October between 2013 and 2017.  
Lakes 2 2 
Ponds 8 7 
Rivers 10 9 
Creek 3 2  
     
Mackenzie River, NT 
(MK) 
63° 14’ 17”N,  




13 - Samples taken by the Community Based 
Monitoring network along the Mackenzie 
River in July and August of 2015. Samples 
ranged from WHERE to Inuvik. River flows 
through Taiga Shield and Taiga Plains. 
Rivers 13 - 
     
Wekweeti, NT (WK) 64° 11’ 24”N,  





Situated in the Taiga Shield, below treeline, 
continuous permafrost. Samples taken in 
Octber of 2015 and 2016. 
Lakes 9 9 
Creeks 2 2 
     
Daring Lake, NT (DL) 64° 31’ 29”N,  





Found in the Southern Arctic above treeline, 
continuous permafrost.  
Lakes 7 7 
Ponds 1 1 
Creeks 11 11 
     
Lake Hazen, NU (LH) 
81° 49’ 30”N,  
71° 19’ 26”W 
Nunavut, Canada 
160 12 
Tundra located in the high arctic; Lake Hazen 
Watershed is considered a local polar oasis.  
Lakes 38 2 
Ponds 18 4 
Creeks 41 1 
Rivers 32 0 
Seeps 31 5 




Name Location n nPCA Description 
Turkey Lakes 
Watershed, ON (TLW) 
47° 2’ 54”N, 
84° 24’ 25”W 
Ontario, Canada 
16 - 
Relatively un-impacted watershed in the Great 
Lakes-St. Lawrence forest region. Area consists 
of Precambrian bedrock and surficial glacial 
deposits of glaciofluvial outwash. Samples 
collected from depths ranging between 0.90 - 
6.89m below surface. 
          
IISD-Experimental 
Lakes Area, ON (ELA) 
49° 39’ 40”N, 
93° 43’ 48”W 
Ontario, Canada 
17 - 
Piezometers constructed in transect along a 
wetland, ranging from 0.70 - 3.85m below 
surface. 
          
Nottawasaga Aquifer, 
ON (NW) 
44° 7’ 26”N,  
79° 49’ 12”W 
Ontario, Canada 
6 - 
Surficial deposits of glaciolacustrine deposits 
in an agriculturally-impacted aquifer. Samples 
collected from single multi-level piezometer 
within an unconfined surficial sand aquifer at 
depths of 4.35m, 5.13m, 6.68m, 9.90m, and 
11.3m below surface. 
          
Black Brook Watershed, 
NB (BBK) 
47° 6’ 11”N, 




Site is an agriculturally-impacted aquifer. 
Surficial deposits of till and small deposits of 
glacial outwash. Samples taken from twelve 
domestic wells and three multi-level 
piezometers (6.1 - 30m below surface). 
     
Long Point, ON (LP) 
42° 34’ 46”N,  
80° 22’ 57”W 
Ontario, Canada 
23 - 
Unconfined sand aquifer atop of a clay 
aquitard. Piezometers range from 1 to 4m 
below surface. Sampling of groundwater 
containing a septic plume.  
          
Yellowknife, NT (YK) 
62° 27’ 14”N, 





Peat plateau sites underlain by sporadic 
discontinuous permafrost. Piezometers are 
above the permafrost boundary and depths 
range from 0.10 - 0.50m below surface. 
     
Wekweeti, NT (WK) 
64° 11’ 24”N,  





Piezometers installed at deepest extent of 
active-layer (~0.5m below surface). Sampled 1-
2 m away from lake shore in organic-rich peat. 
     
Daring Lake, NT (DL) 
64° 31’ 29”N,  




4 4 ?? 
     
Lake Hazen, NU (LH) 
81° 49’ 30”N,  
71° 19’ 26”W 
Nunavut, Canada 
17 2 
Samples taken from piezometer installed at 
deepest extent of active-layer (~0.25m). 
Location was in a subcatchment containing 
organic-rich soil. Flow direction was through 
wetland into nearby lake. Organic-rich layer 
underlain by silt or clay material. 
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Table B2: Summary data of all samples for DOM concentration (mg C/L), SUVA, slope between 275-295nm, DOC:DON, and proportion of humic substances.  
    DOC (mg/L)   SUVA (L / (mg m))  S275-295 (nm-1)   DOC:DON    Prop. Humic Substances 
    Mean 
σ 
(±) 
Min Max n Mean 
σ 
(±) 
Min Max n Mean σ (±) Min Max n Mean 
σ 
(±) 
Min Max n Mean 
σ 
(±) 
Min Max n 
Lake Hazen                         
 Seep 1.4 1.1 0.3 3.9 31 6.2 2.9 1.1 12.0 26 0.0141 0.0015 0.0110 0.0174 26 21 17 4 74 19 0.76 0.06 0.65 0.80 5 
 Sub 6.7 3.7 2.4 15.7 17 8.8 4.0 2.1 18.6 15 0.0108 0.0035 0.0050 0.0163 15 19 16 5 76 17 0.44 0.34 0.21 0.68 2 
 Pond 12.1 7.8 3.7 24.0 18 4.5 1.3 2.7 7.6 18 0.0237 0.0051 0.0154 0.0321 18 21 8 11 45 18 0.60 0.05 0.56 0.68 4 
 Lake 2.7 3.0 0.1 6.9 38 4.0 0.8 1.9 4.7 18 0.0229 0.0029 0.0170 0.0257 18 15 4 9 21 10 0.57 0.05 0.50 0.61 5 
 Creek 1.2 2.0 0.1 8.0 41 4.1 2.1 1.5 10.0 25 0.0154 0.0035 0.0079 0.0217 25 16 10 2 34 9 0.49 0.15 0.21 0.63 6 
 River 0.5 0.4 0.1 1.4 32 4.2 1.9 1.5 7.7 22 0.0154 0.0046 0.0101 0.0264 23 - - - - - 0.43 0.15 0.22 0.68 10 
Daring Lake                         
 Sub 21.0 9.3 9.6 30.0 4 9.4 0.6 8.7 10.2 4 0.0128 0.0008 0.0116 0.0134 4 43 5 37 50 4 0.73 0.05 0.68 0.78 4 
 Pond 4.0 - 4.0 4.0 1 3.8 - 3.8 3.8 1 0.0199 - 0.0199 0.0199 1 28 - 28 28 1 0.40 NA 0.40 0.40 1 
 Lake 6.1 2.8 2.3 9.5 7 6.3 3.1 2.2 9.1 7 0.0179 0.0050 0.0127 0.0253 7 26 8 15 36 7 0.57 0.16 0.30 0.74 7 
 Creek 7.4 3.7 2.1 14.1 11 6.6 2.2 2.6 8.9 11 0.0157 0.0036 0.0133 0.0254 11 27 5 20 35 11 0.59 0.10 0.41 0.75 11 
Wekweètì                         
 Sub 10.2 - 10.2 10.2 1 10.3 - 10.3 10.3 1 0.0120 - 0.0120 0.0120 1 39 - 39 39 1 0.70 NA 0.70 0.70 1 
 Lake 10.8 5.35 4.5 18.3 9 6.7 2.2 4.3 10.2 9 0.0175 0.0032 0.0127 0.0222 9 36 13 20 62 9 0.61 0.11 0.50 0.81 9 
 Creek 6.2 0.4 6.0 6.5 2 4.8 0.0 4.8 4.8 2 0.0205 0.0001 0.0204 0.0206 2 25 10 18 32 2 0.57 0.08 0.51 0.62 2 
Yellowknife                        
 Sub 113 56.0 34.2 273 33 7.3 1.4 5.0 9.6 17 0.0136 0.0024 0.0100 0.0178 17 47 22 9 124 32 0.77 0.05 0.63 0.83 29 
 Pond 34.4 2.9 29.5 36.9 8 5.8 1.2 3.9 6.9 7 0.0180 0.0012 0.0164 0.0200 7 32 6 20 40 8 0.70 0.05 0.65 0.77 8 
 Lake 29.7 1.9 28.3 31.0 2 3.1 1.8 1.8 4.4 2 0.0246 0.0077 0.0192 0.0300 2 27 5 23 30 2 0.53 0.12 0.44 0.61 2 
 Creek 15.6 4.6 10.3 18.7 3 4.2 1.0 3.5 5.6 4 0.0195 0.0021 0.0170 0.0221 4 25 16 5 45 4 0.55 0.00 0.55 0.55 2 
 River 5.9 1.6 3.8 8.92 10 3.4 0.6 2.3 4.2 10 0.0226 0.0021 0.0200 0.0258 10 29 14 15 52 10 0.59 0.03 0.56 0.63 9 
Mackenzie River                        
 River 4.7 0.7 3.7 5.9 13 6.9 0.8 5.3 7.8 13 0.0172 0.0019 0.0149 0.0205 13 26 3 20 30 13 - - - - - 
IISD-ELA                         
 Sub 47.8 22.3 18.0 86.1 17 - - - - - - - - - 0 - - - - - 0.37 0.14 0.14 0.62 17 
 Lake 7.5 2.7 2.8 14. 6 49 6.4 4.6 1.4 21.2 32 0.0178 0.0042 0.0092 0.0308 32 30 14 19 105 41 0.50 0.09 0.32 0.75 56 
 Creek 23.4 11.9 10.3 63.6 25 8.4 1.9 5.3 11.1 22 0.0137 0.0013 0.0118 0.0160 22 48 11 34 82 22 0.81 0.02 0.74 0.85 17 
Turkey Lakes Watershed      
 
    
           
 Sub 2.87 3.8 0.9 16.7 16 - - - - - - - - - - - - - - - 0.50 0.17 0.18 0.77 16 
Nottawasaga        
 
    
           
 Sub 2.1 0.5 1.5 3.0 6 - - - - - - - - - - - - - - - 0.55 0.08 0.48 0.70 6 
Grand River         
 
    
           
 River 6.1 1.0 4.0 8.0 39 - - - - - - - - - - 10 7 3 34 39 0.66 0.05 0.51 0.75 39 
Long Point         
 
    
           
 Sub 3.3 1.5 1.7 8.0 23 - - - - - - - - - - - - - - - 0.62 0.08 0.49 0.76 23 
Black Brook Watershed      
 
    
           
  Sub 0.7 0.5 0.2 2.1 15 - - - - - - - - - - - - - - - 0.54 0.10 0.41 0.69 15 
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Figure B1: Contribution of each variable within the PCA to dimensions 1 and 2 (top graph), dimensions 1 and 




Figure B2: Proportion of low-molecular weight neutrals versus proportion of biopolymers for DOM from 









Chapter 4 & 5 – Dissolved Inorganic Carbon 
Concentrations of DIC were calculated from initial and final samples from Yellowknife and Daring 
Lake (Table C1). DIC was not calculated from Lake Hazen sites due to minimal change in overall 
dissolved organic matter (DOM; mg C/L) concentration and high background DIC. 
Samples for DIC were collected in pre-weighed 12 mL Labco Exetainer vials and capped with no 
headspace using baked septa caps.  Analysis involved withdrawing 6 mL of sample while 
simultaneously injecting 6 mL of helium and transferring the sample to another Exetainer filled 
with helium. Both exetainers were acidified using 0.05 mL of H2SO4 and another 6mL was added to 
the initial exetainer, resulting in both vials containing 12 mL of helium and 6 mL of sample. Vials 
were then placed on a shaker for 2 hours to allow for equilibration between liquid and gas phases. 
The concentration of headspace carbon dioxide (CO2) was measured for each exetainer using a 
Varian CP-3800 Gas Chromatograph and dissolved concentrations of CO2 were calculated according 
to Henry’s Law. 
Table C1: Subset of Yellowknife incubation samples to compare the loss of dissolved organic matter (DOM) 
with the pH, concentration of dissolved inorganic carbon (DIC), and total change in DIC. 
 DOM Loss pH DIC (mg C/L) ΔDIC (mg C/L) 
 mg C/L Initial Final Initial Final mg C/L 
Subsurface 14.4 5.5 5.6 30.9 29.1 -1.8 
Pond 3.3 5.3 5.5 8.8 8.2 -0.6 
Creek 2.0 5.8 5.6 13.8 12.5 -1.3 
Table C2: Dissolved inorganic carbon and headspace carbon dioxide concentrations for 2014 photolysis 
samples for three treatments: original (t=0), ‘Photo’ (photolysed sample), and ‘Dark’. 
Sample 
DIC (mg/L) CO2 (ppm) 
Original Photo Dark Original Photo 
Subsurface 1 (P2) 29 25 32 353 4480 
Subsurface 2 (P5) 5.0 13 6.0 353 3765 




Chapter 6 – DBP Supplementary Information 
 
Figure D1: Water quality data of dissolved organic matter (DOM mg C/L; top) and total trihalomethane (THM mg/L; bottom) concentration for different 




Figure D2: Water quality data of trihalomethane concentration (THM, mg/L) versus True Colour (TCU) for 
raw (left panel) and treated (right panel) samples compiled from the public database. Different colours 
represent different water treatment plant types, while different shapes represent the water source. 
 
 
Figure D3: True colour versus dissolved organic matter (DOM, mg C/L) concentration for water quality 




Figure D4: Overall trihalomethane (THM; left panel) and haloacetic acid (HAA9; right panel) concentration 
versus dissolved organic matter concentration (DOM) for all field samples. 
 
 
Figure D5: Correlation matrix for different dissolved organic matter (DOM) metrics: concentration (mg C/L); 
specific ultraviolet absorbance at 255 nm (SUVA, L/(mg·m)), proportion of humic substances fraction (HSF), 
slope ratio between 275 to 295 nm (S275-295, nm-1), and molar dissolved organic carbon to dissolved organic 








Photo of the ‘Airport Site’ that contains the pond with floating bog around it. Dead trees are called 
‘drunken trees’ due to the degradation of underlying permafrost and subsequent flooding of roots. 
 













Lake Hazen, NU: 
 
Panorama of the Lake Hazen Watershed from atop a northern mountain slope looking southward towards 
Lake Hazen.  The general lack of vegetation and moisture characteristic of the watershed is in stark contrast 
be a few small, productive areas as seen on the left hand side of the photo. 
 
Looking at Lake Hazen (ice covered), the camp (directly at the crack in ice between the island and 
nearshore), and the smaller Skeleton Lake sub-catchment (productive green landscape with a series of lakes). 
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